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AUTHOR'S PREFACE 

Analytical Chemistry, or the art of recognising differ- 
ent substances and determining their constituents, 
takes a prominent position among the appKcations of 
the science, since the questions which it enables us to 
answer arise wherever chemical processes are employed 
for scientific or technical purposes. Its supreme im- 
portance has caused it to be assiduously cultivated 
from a very early period in the history of chemistry, 
and its records comprise a large part of the quantita- 
tive work which is spread over the whole domain of 
the science. There is, however, a remarkable contrast 
between the extent to which the technique of analytical 
chemistry has been elaborated and its scientific treat- 
ment. Even in the best works on the subject the 
latter is almost entirely confined to the giving of 
equation -formulae, which show the results of the 
chemical reactions in question in the ideal limit cases. 
That as a matter of fact, instead of the supposed com- 
plete reactions, incomplete ones leading to a state of 
chemical equilibrium take place, that there is no such 

liiy : 's 



viu FOITNDATIONB OF ANALYTICAL CHEMISTRY 
tiling as a perfectly insoluble substance, and that 
absolutely exact methoda of separation and estimation 
are an impossibility — remains not merely untnown to 
the student, but also occurs less frequently. 1 fear, to 
the mind of the accomplished analyst than ia to be 
desired in the interests of a sound criticism of 
analytical methods and their resalta. 

Analytical chemistry thus fills the subordinate but 
at the same time indispensable position of handmaid 
to the other branches of our science. ^Vliile we every- 
where find the liveliest activity with regard to the 
theoretical arrangement of scientific material, and 
observe tliat questions of this icind always arouse far 
more interest than purely experimental problems, 
analytical chemistry is content with fashions of theory 
which have long been discarded elsewhere, and sees no 
harm in presenting its results in a shape which has 
really been antiquated for the last half century. Thus 
we find it considered permissible to give at the present 
day (for example) K^O and SO3 as the constituents of 
potassium sulphate, in accordance with the electro- 
chemical dualism of 1820 ; and the case is made no 
better by the fact that chlorine ia brought into the 
report of an analysis as chlorine, and its ' oxygen 
equivalent ' therefore deducted from the sum total. 

We may, however, take it for certain that when 
such a striking and pronounced custom holds its own 
for so long, there must be good grounds for it. And 
it must be added, without any circumlociition, that 
a scientific foundation and system of analytical 
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AUTHOR S PREFACE ix 

chemistry have hitherto failed us because the general 
knowledge and laws necessary for these have n/)t been at 
the disposal of scientific chemistry itself It is only 
within the last few years, i.e. since the development of 
the general theory of chemical reactions and states of 
equilibrium, that it has become possible to elaborate a 
theory of analytical reactions. It will be my en- 
deavour to show in the following pages to what a 
great extent light has been thrown from this quarter 
upon long familiar and daily recurring chemical 
phenomena. 



Leipzig, May 1894. 
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TRANSLATOR'S PREFACE 



It is only necessary for me to add a word or two with 
regard to this translation. Professor Ostwald has made 
here and there an emendation upon the original German 
edition, which appeared about a year ago, and has added 
a section of a chapter upon electro-analysis. At my 
request he has further been good enough to go carefully 
through the revised proof-sheets. I should also like to 
take this opportunity of expressing my hearty thanks 
to Professor William Eamsay for much kind help and 
criticism. 

GEORGE M'GOWAN. 

July 1895. 



CONTENTS 

TAKT I— THEORY 

CHAPTER I 

The Recognition of Different Substances 

PAGE 

General Considerations with regard to the Foundations 

OF Chemical Analysis 1 

Properties of Substancf*s 2 

Reactions 4 

The Graduation of Properties 5 

Colour and Light 7 



CHAPTER n 

The Separation of Substances 

General Considerations 9 

Separation of Solids from Solids 10 

Separation of Liquids from Solids : Filtration . 13 

Washing of Precipitates 15 

Theory of the Washing of Precipitates . . . .17 

Adsorption Phenomena 18 

The Enlargement of the Crystalline Grains ... 22 

Colloidal Precipitates 24 

Decantation 27 



xiv FOUNDATIONS OF ANALYTICAL CHEMISTRY 



Separation of Liquids from Liquids . 
Separation of Gases from Solids or Liquids 
Separation of Gases from one another . 



PAGE 

28 
28 
29 



CHAPTER m 

Physical Methods of Separation 

General Considerations 31 

The Theory of Distillation 32 

Distillation of Mixed Liquids 34 

Separation by Solution 38 

Solutions of Gases 39 

The Drying of Gases 41 

Two Non-Miscible Liquids : The Theory of the Extrac- 
tion of a Dissolved Substance from one Solvent by 

shaking this up with another 41 

Solutions of Solids 43 

The Separation of several Soluble Substances . . 45 



CHAPTER IV 

Chemical Separation 

§ 1. The Theory of Solution 

Introduction 

The State of Substances in Solution 

Ions 

The Varieties of Ions . 
Some further Details . 



46 
46 
47 
48 
49 
54 



§ 2. Chemical Equilibrium . 

The Law of Mass- Action 
Applications 
Complex Dissociation 
Gradual Dissociation 



56 
56 
59 
60 
61 



CONTENTS 



XV 



PAOK 

Srvrual Electrolytes tooetheh .... 62 

Acids and their own Salts 64 

Hydrolysis 66 

Heterogeneous Equilibrium : Law of Distribution 68 



§ 3. The Course of Chemical Reactions 
The Velocity of Reaction 
Influence of Temperature 

Catalysis 

Heterogeneous Structures . 



70 
70 
71 
71 
72 



§ 4. Precipitation 

General Considerations . 

Super-Saturation 

The Solubility- Product . 

Some Precipitation- Reactions 

The Redissolving of Precipitates 



73 
73 
73 
75 

78 
81 



§ 5. Reactions attended with the Liberation or Absorp- 
tion of Gas 85 

The Liberation of Gas 85 

The Absori»tion of Gas 88 

§ 6. Reactions accompanying the Extraction of a Dis- 
solved Substance from Aqueous Solution . 89 
Influence of the Ionic State .... 89 



§ 7. The Electrolytic Method 



90 



CHAPTER V 

The Quantitative Determination op Substances 



General Considerations 
Pure Substances . 



99 
101 



XVI 



FOUNDATIONS OF ANALYTICAL CHEMISTRY 



PAGE 

Binary Mixtures 104 

Indirect Analysis 106 

Tertiary Mixtures, etc 108 

Methods of Titration 109 



PAET II— APPLICATIONS 



Introduction 115 



CHAPTER VI 

The Hydrogen and Hydroxyl Ions 

Acids and Bases 117 

The Theory op Indicators 118 

The Presence of Carbonic Acid 121 

PoLYBAsic Acids 122 



CHAPTER VII 



The Metals op the Alkalies 



General Properties 

Potassium, Rubidium and Cesium 

Sodium . . • . 

Lithium 

Ammonia 



124 
124 
126 
127 
128 



CHAPTER VIII 



The Metals op the Alkaline Earths 



General Properties 
Calcium . 



130 
131 



CONTENTS XVll 

PAGE 

Strontium 133 

Barium 135 

Magnesium 136 

APPENDIX 138 



CHAPTER IX 

The Metals op the Iron Group 

General Properties 139 

Iron 140 

Chromium 144 

Manganese 146 

Cobalt and Nickel 148 

Zinc 150 



CHAPTER X 

The Metals of the Copper Group 

General Properties 153 

Cadmium 155 

Copper 156 

Silver 159 

Mercury 161 

Lead 165 

Bismuth 167 



CHAPTER XI 

The Metals of the Tin Group 

General Properties 168 

Tin 169 



XVlll FOUNDATIONS OF ANALYTICAL CHEMISTRY 

PAGE 

Antimony 171 

Arsenic 174 



CHAPTER XII 

The Non-Metals 

General Properties 176 

The Halogens 177 

Cyanogen and Thiooyanogen 182 

The Monobasic Oxygen Acids 184 

The Acids of Sulphur . . 187 

Carbonic Acid 192 

Phosphoric Acid 194 

Phosphorous and Hypophosphorous Acids . . . .198 

BoRAcic Acid 200 

Silicic Acid 201 



CHAPTER XIII 

The Calculation of Analyses .... 204 



PART I 



THEORY 



CHAPTEE I 

THE KECOGNITION OF DIFFERENT SUBSTANCES 

1. General Considerations with regard to the Foundations 

of Chemical Analysis 

The first step in the solution of the problem — how to 
determine the nature of any given kind of matter — 
follows from the knowledge of its properties, as these 
appeal to our senses. We find no difficulty, for in- 
stance, in pronoimcing one particular substance to be 
sulphur; if it has a yellow colour and a low specific 
gravity, and if it burns with a blue flame and an odour 
of sulphur dioxide, leaving at the same time no residue, 
we feel assured that it can be nothing else. 

In coming to a conclusion of this kind we make 
use of various empirical data, which seem to us for 
the most part self-evident, and which do not there- 
fore receive outward expression. Thus, the number 
of properties appertaining to one particular substance 
is indefinitely great; it is therefore not possible to 
state at once definitely, with regard to two objects, 
that they agree in all their properties throughout. 
But, as the result of an unexpressed induction of very 

B 
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wide applicability, we liold auy Buch proof to befl 
superfluous, for we know that if two suistances affretM 
perfectly in some of their properties, they vHll agree 1 
in all. 

This empirical statement is notliiug else thau an i 
expression of tlie corresponding fact that the number ' 
of different substances is limited and finite. Since 
the differences in the varieties of matter consist merely 
in differences in their properties, these properties and 
their values can obviously not be combinable in an 
unlimited degi'ee, otherwise we should have an infinity! 
of substances. 

This allows to analytical chemistry a most desirable^ 
freedom in the selection of those properties which ifti 
utilises for the characterisation of different substances -M 
almost any one is as good as another for the purpose,* 
so far as principle is concerned, but the choice actually^ 
depends upon the ease and certainty with whicli thef 
properties in question can be observed and measured.'l 
In many cases the determination of one property alone t 
is suEScient for the recognition of the substance ; as a 
rule, however, several such determinations are combined, 
in order to avoid any possible confusion which might 
arise from the (merely) approximate accuracy of the 
methods of determination and measurement employed. 
The probability of error diminishes very rapidly with 
the increase iu the number of independent tests. 




If, imdor the term properties of any given object, 

mean all the relations in which it can be made to 

to our senses and to our measuring apparatus, 

we may at present exclude all those properties which 



I brouglit to light ami altered at will, audi as 
outward form, position and motion, illuuiiiiatioij, com- 
munieable electric condition, temperature, and so on. 
Further, such properties as are uninfluenced hy materiul 
or chemical changes will not serve for the recognition 
of definite substances. This applies more especially to 
the mews of bodies and to tlieir proportional weight. 
Thus only those properties are applicable here which 
change with the nature of the substances themselves, 
but which cannot be arbitrarily altered in any one 
substance. 

Every property can be defined numerically, and 
can show au infinite diversity of particular cases 
between the limits of its values. As a matter of fact, 
however, this infinity reduces itself practically to a 
finite number of distinguishable cases, since the means 
of determining the numerical values ai'e always of 
approximate accuracy only. Progress in the art of 
measurement thus means a continuous enlargement in 
the number of distinguishable steps, without the 
theoretical infinity ever becoming attainable. At the 
same time refinement in measurement has now been 
carried to such a degree in the case of many properties 
that the number of distinguishable cases far exceeds 
that which actually occurs. 

The properties wliich are made use of for analytical 
purposes may be divided into the two following 
groups : prffpertiis of condition or state, and properties 
of reaction. The former are an invariable attribute 
of the object in question, and are capable of direct 
observation and measurement at any time. Among 
them we have, for instance, state of aggregation, 
colour, specific gravity, and so on. Other properties 
first come to hght when the object is brought under 
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special conditions which arc differeut from the ordinary 
ones. In this way changes of state are brought ahout, 
or reactions are induced, which are characteiiatic of 
the particular kinds of matter. It follows from the 
nature of things that the second group of properties is 
by far the larger and more diversified ; the reaction- 
properties thuB play a far more important part in 
analytical chemistry than the properties of condition. 



3. Heaetions 

Reactions are called forth by changes induced in 
the conditions under which the object is placed, and 
such changes may be divided into physical and chemi- 
cal. The most important physical change, so far as 
our present purpose is concerned, is that of tempera- 
ture, and the behaviour of substances when heated has 
always furnished one of the most valuable aids to 
chemical analysis. Other physical changes, such as 
those of pressure and electrical condition, come into 
question much less often. But far more varied are 
the chemical changes which we are able to bring about 
in the conditions of existence of any given substance. 
This is generally effected by bringing it into contact 
with other substances. The contact is most complete 
between two gases or two miscible liquids, less per- 
fect between two substances of different states of 
aggregation, and least perfect between two solids. 
It follows from this that the liquid state is by far 
the most convenient for the purpose just named, all 
the more since comparatively few substances can be 
converted into gas. Thus the aim of the analytical 
chemist, so far as regards bringing about chemical 
changes, is directed in the first instance to the pro- 
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duction of the liquid state, either by fusion or 
solution. 

In reality the recognition of substances by re- 
actions leads us back to the recognition of them 
through properties of condition ; only these no longer 
apply to the original object, but to that into which it 
has been transformed by the reaction. If we notice, 
for instance, that a precipitate is formed upon the 
addition of one liquid to another, the observation rests 
upon the fact that — imder the altered conditions — a 
substance in the solid state of aggregation results. 
And the same may be said for all reactions, so that 
the investigation of the nature of the properties of 
condition is of importance for both groups. 

4. The Graduation of Properties 

It has been already stated that, so far as principle 
goes, any one property of condition may be made use 
of for the recognition of substances. The distinguish- 
ing of different kinds of matter is invariably based 
upon quantitative differences of the property in 
question. The task of determining such differences 
is, however, one of very varying difficulty, according 
to the nature of these ; and it is usually some 
properties, whose differences can be easily and quickly 
established, which are taken into consideration. 
Among those the state of aggregation deserves first 
place and colour the second. Whether a substance is 
solid, liquid, or gaseous, and what colour it has, can 
usually be seen at a glance ; these properties are there- 
fore to be considered first in discussing the question as 
to how different substances are to be recognised. 

As is well known, we have transition stages 
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between the three states of a^regation, but these 
, coneem ua little at present. Tbe gradual change from 
' the gaseous to the liquid state is the result of a pres- 
sui-e which is higher than the critical pressure. Since, 
however, the critical pressures of substances vary- 
roughly BpeaMflg — between twenty-five and a hundred 
atmospheres, these transitions do not come into play 
under the conditions of ordinary analytical operations. 
The changes between tbe solid and the liquid states 
are of more importance. These are either sudden, as 
in the melting of ice, or gradual, as in the fusion of 
glass. Tbe latter occurs when the solid body ia 
amorphous, while the former ia peculiar to crystalline 
substances. 

The above transition states may be still further 
subdivided by the eye alone into several grades, by 
making use of very simple methods, Tlius we can 
distinguish between mobile, fluid, viscous, sticky and 
solid substances, although it ia not possible to extend 
the characteriaation beyond four or five stages without 
other aids. 

In the case of solids it ia often quite easy to decide 
whether they are amorphous or crystalhne, especially 
if we are dealing with fairly large fragments ; 
amorphous bodies show a conchoidal fracture and their 
surfaces are uneven, while those which are crystalline 
give a fracture of larger and smaller plane surfaces. 
The point cannot always be decided with certainty by 
the naked eye when dealing with powders ; these 
require either the pocket lens or the microscope. 
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5. Colour and JAgM 

The colour of subatancea is a, characteristic of veiy 
wide applicability. The fact that relatively small 
differences in the wave-lengths of reflected light affect 
the eye as differences in colour has for its result that 
this quantitative difference is converted into a series of 
qualitatively distinct, though at the same time con- 
tinuous, steps ; we are thus enabled to distinguish 
with ease ten, twenty, or even more grades of coloiii', 
and to make use of these for purposes of recognition. 
We have, however, to bear in mind here that the 
suri'aees of coloured bodies radiate as a general rule a 
mixture of two different kinds of light— that which is 
coloured through absorption, and which proceeds more 
or less from the inteiior, and that which is throwii 
back by surface retiectiou, the latter being usually 
white light. The relation between tliese depends upon 
a number of conditions, more especially upon the 
degree of subdivision and upon the difference between 
the refraction-coefficient of the substance and of the 
medium surrounding it. According to the amount of 
white surface light, the colour of a substance may 
vary between white and a very dark tint, which often 
approximates to black; it is therefore necessary as a 
rule, when talking of the colour of anything, to specify 
the conditions under which that colour is to be 
observed {e.g. whetlier the substance is compact or 
powdery, or floating in a liquid). Most of the cases in 
point, which occui- in analytictil chemistry, apply to 
powders deposited from water, i.e. obtained as precipi- 
tates in chemical reactions. 

Besides the colours of substances wliich are pro- 
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duced by illumination in white daylight there is 
another colour phenomenon of importance for analyti- 
cal chemistry, — coloured flames. These result when 
certain substances are heated in as neaiiy non-luminous 
a flame as posaible (such as the flame of a Bun^en 
Ijurner or a spirit lamp), whereby the latter volatilise 
and emit light consisting of a limited number of rays 
of definite kinds and therefore of definite colours. 
This phenomenon can be observed in its simplest 
form, ie. so far as colour goes, by the naked eye ; it 
attains, however, to an infinitely higher degree of 
diversity if the light of such a flame is separated into 
its constituent parts by the spectroscope, when it 
becomes one of the most thorough and certain aids 
towards the recognition of those substances which 
yield coloured f 

In addition to tlie readily apparent properties that 
have just been detailed, there ai'e many others which 
may be made to assist in the recognition of difl'ereut 
substances, but they are all much slower and more 
difficult of application, and need not therefore be 
considered practically hera 



CHAPTEE II 

THE SEPARATION OF SUBSTANCES 

1. General Considerations 

From what has been said in the foregoing chapter it 
is apparent that the task of recognising any given 
substance, i.e, of identifying it with one already known, 
is always more or less easy of accomplishment, and 
merely presupposes a practical system in the choice 
and tabulation of the properties which are made use 
of for this recognition, so as to reduce the labour to a 
minimum and to attain to the highest possible accuracy. 
But the problem becomes far more complicated when 
we have to deal, not with a simple substance, but with 
a mixture; separation must here precede recognition, 
and the first-named operation is naturally much the 
more difficult of the two. 

In order to be able to separate one substance from 
several others, it is necessary to have the first in a 
condition in which it is detached from the others by 
a surface of separation or unstable equilibrium. Such 
surfaces of separation occur in the first instance and 
chiefly when there are different states of aggregation, 
although they are not necessarily excluded when the 
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atate of iiggregatioii is the same. The plan of iiiethoda 
of separation is beet referred to the diilerent states of 
aggregation, and we have thus to consider the follow- 
ing cases : — 

(a) Solids from sohda. 

(6) Solids from liquids. 

(c) Liquids from liquids. 

(d) Solids or liquids from gases. 

(e) Gases from gases. 

The separation of aubstaiiees is always a mechanical 
operation ; a so-called chemical separation consists in 
transf'onning the substances in question, hy chemical 
means, iuto others which can be sepiirated mechanic- 
ally. 

2. Separatioii of Solids from Sulids 

The principle upon which these separdtious are 
based consists in allowing forces to act upon oue 
other of the constituents, which transport the latter 
to a spot from whence it can be removed. 

DiB'crences in the specific gravity of substances 
constitute the property which is the most widely 
apphcable for this purpose. If a mixture of two 
solids be rubbed up in a liquid whose specific gravity 
lies between their own, the lighter one will rise to the. 
top and the heavier one sink to the bottom, and so a- 
separation will be effected. Should the spe 
gravities of the solids be known beforehand, that of, 
the liquid can be regulated accordiugly. But should' 
this not be the case, then we have to Ix^in with 
liquid wiiich is denser than both, and lower its specific 
gravity, e.g. by the addition of a lighter liquid, until' 
the wished-for separation is brought about. 

If more than two solids are present, the sam( 
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niethoil may lie followed of gradually lowering tliu 
density of the li(|uid. ProctMjding in this way l>y 
short steps, the heaviest solid falls to the hottom first 
and can be removed ; then t)ie next heaviest, and 



Aqueous aohitions of potassium -mei-eury iodide, 
barium-mercury iodide, cadmium borotungstate, and 
similar salts are suitable liquids for substances in- 
soluble in water, For those that are soluble methylene 
iodide may be used, and it can be diluted with light 
liquids such as xylene. The specific gravity of such 
liquids does not, however, much exceed 3, so that 
solids of greater density cannot be separated by their 
means. In some cases molten substances of higher 
specific gravity may be employed for these latter, 

A simdar procedure, though a much less perfect 
one, consists in elutriation or " washing." This method 
of separation is baaed upon the circumstance that 
solids in a more or less fine state of division sink the 
more quickly to the bottom of a liquid the denser they 
are. A stream of liquid thus cames away a pre- 
ponderance of the less dense constituents. The 
rapidity with which sitspcnded particles sink depends, 
however, not merely upon their specific gravity, but 
also in a very great degree upon tlieir size, the sinallei' 
ones subsiding more slowly than the larger. As a 
result of this complex relation the process is uusuited 
to exact separations. In order to derive the greatest 
practicable benefit from it, the particles to be washed 
should be made as nearly alike in size as possible, which 
is best achieved by grinding the whole to a fine powder. 
The method can only be followed on a practical scale 
when the differences in specific gravity are somewhat 
marked. 



k 
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Beyoud byilroatatic forces * there are none known 
which are of general applicability for the separation of 
solids. In particular cases, however, other forces — 
more especially magnetic — are made use of for such 
separations. Thus, particles of iron can be removed 
from a mixture by means of a magnet (for Bubstances 
which are but weakly magnetic a powerful electro- 
magnet is employed). Magnetic and hydrostatic forces 
can also be conjoined. 

Electrostatic forces can likewise be utiliaed here. 
Mixtures of different substances in powder are 
electrified on shaking, the one constituent becoming 
positive and the other negative. If such a mixtui'e 
is now brought into contact with an electrified non- 
conductor, e.g. a rubbed ebony plate, the oppositely 
chained particles are attracted to it and the others are 
repelled. I am not aware whether any appUcation 
has been made of this for purposes of separation. 

Still another mode of sepaiating sohds might be 
based on the fact that in a non-homogeneous electric 
field the substances with the higher dialectiic constants 
are driven to those spots where the intensity of the 
field is greatest. Nu application has been made of 
this. 

The process of separating a mixture of two solids 
by treatment with a solvent, in which one of the 
constituents is soluble and the other insoluble, does 
not come in here. It rests upon the establishment of 
two different states of aggregation for the substances 
under treatment, and therefore belongs in principle to 
the next section. 

' Hydrostatic forces con be Tcndereil mucli more efficacious bj being 
joined to centrifugal force, which lilcewise Suds frequeut application. 
This, howeyer, iatroducea no new priuuiple \nio the procedure. 
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3. Separation of Liquiiis from. Solids — Filtration 

Tlie proceaa uf separating u liquid from a, aolid ia 
termed Jiliration, and depends upon the use of a. 
porous medium whose porea are amaller than the 
particles of the solid. Since the mixture is allowed 
to exert pressure upon the walla of the filter, the 
liquid is driven through while the solid is retained. 

Of aU the methods of aeparation used in analysis, 
filtration is the one which is most applied, since it is 
the easiest to carry out and to control. The separa- 
tion of gases Irom liquids and soUda ia indeed simpler 
in theorj', and requires almost no appamtua ; but the 
necessity of using lai^e closed vessels when dealing 
with gases mabea this much more troublesome than 
the handling of hquids and solids. For this reason 
separations in practical analysis are alwaya reduced, 
if possible, to the two latter. Many difl'ereut mateiials 
can serve for the porous medium, but only paper and 
asbestos need concern us liere. The larger the 
particlea of the solid are, the larger may the pores be ; 
and, aineo filtration proceeds with greater rapidity 
when the particles of the precipitate are large, the 
aim of the worker is always to get his precipitate into 
this state, so far, that ia, as other circumatanees will 
permit, A very efieetive mode of increasing the size 
of the particles of a fine precipitate ia to allow them 
to remain in contact with the liquid in which they 
are formed for a conaiderable tima The result oi' 
this ia that a reerystalliaation is brought about, 
by which the finer pai'ticles disappear and the 
eoaraer are enlarged at their coat, and thia proceeds 
more quickly the higher the temperature, Under like 
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conditions the fine granules of amorphous precipitates 
coalesce to larger ones. Hence the usual practice of J 
digesting a precipitate in its liq^uid before proceeding 
with the filtration. 

The rate of filtration varies with the size of the ^ 
poresj the pressure and the tempi?ratui-e, an 
increases simultaneously with all three factors. The 
size of the poi-ea depenils not merely on the or^nal i 
condition of the porous medium, but also in a great 
degree upon that of the powder. Very tine pre- 
cipitates narrow the pores of the filter to a marked I 
extent and thus retitrd the filtration, this constituting ] 
a further reason for the production of as large particles 
in precipitates as possible. 

The force of gravity usually supplies the needful 
pressure. The latter caji, however, be increased either 
by raising the level of the unfiltered hquid above that 
of the filter or by lowering the level of the filtrate 
beneath it. The first of these procedures is the 
simpler to carry out on a technical scale, but it is not 
as a rule very applicable in analysis, since the amount 
of liquid is usually too small for the purpose, especially 
towards the end of the filtration. The second method 
necessitates the shutting out of all air from the rim of 
the filter to the bottom of the attached tube, and thus 
requires some care ; it is usually carried out by joining 
a long glass tube to the funnel. 

Since the hydrostatic pressure depends upon the 
height of the column of liquid alone and not on its 
width, it is advisable to have as narrow an extension 
tube as possible. The friction of the bquid furnishes 
a limit in this respect, being inversely proportional to 
the fourth power of the diameter of the tube ; it does 
not do therefore to have a tube less than a few milli- 
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meters in diameter. On the other Imud, it is quite 
uselefls to have ooe widei' than this. 

The filtration pressure may he still fui-tlier aug- 
mented by utilising the preasui'e of the aii". And, 
here again, there are two ways oi' cmTj'ing tliia out, 
viz. either by increasing the pressure upon the filter 
or by diminishing it underneath. Since it is far more 
important for our purpose that the filter rather than 
the filtrate should be easily got at, the second pro- 
cedure is almost invariably adopted. Filtration under 
diminished preasiu'e was elaborated by Bunsen more 
especially, down to nearly its last detail, and is 
applied daily in every laboratory. 

Lastly, filtration pressure may be increased at will 
by mechanicid means, through the use of pimips, 
presses, etc. Appliancea of tliia nature are of great 
value in technical working, when large quantities of 
liquids requiring filtration have to be handled, but 
they are very seldom used in analysis. 

The third factor in accelerating filtration is 
temperature. Since the motion of a liquid m the 
pores of a filter depends upon its internal friction, the 
very great influence of temperature upon this property 
makes itself felt here. Thus, for example, the in- 
ternal friction of water at 100° is less than one-sixth 
of what it is at 0°. Hence the rule, always to filter 
as hot as othei' circumstances will permit 

4. U^ashiiig of Precipitates 

The separation of the liquid from the solid is not, 
however, complete at the end of the filtration proper, 
seeing that a part of the former still remains behind 
moistening the latter ; the amount of liquid thus 



entangled is approximately proportional to the surface 
of the moistened precipitate, and therefore augmentB 
very rapidly with increasing fineueaa of the latter. In 
addition to this there is the liquid which is retained in 
the spaces between the particles of the powder by 
capillary attraction. To complete the separatioji, 
therefore, we require to wash the precipitate after 
filtering it off, and thus to displace the liquid in 
question by some other suitable one (usually water), 
Several things have to be taken uito account in con- 
sidering the theory of washing precipitates, the moBt 
important of these being the adsorption phenomensj 
i.e. the adhesion of substances in solution to soHd 
surfaces. Further, many precipitates tend to ' 
through the filter " in the course of waahir^. ThiB' 
arises from the property of colloidal substances to^ 
become broken up in pure water, while in solutiona 
of salts they remain coagulated, and therefore in a fit 
condition for filtering. We have thus the empirical 
rule for this case — to wash with some suitable salt 
solution instead of with pure water. The theoretical 
discussion of all these phenomena will follow later. 

The residue of the wash liquid which moistens 
the precipitate and which is retained by capillary. 
attraction is finally got rid of by drying. And we 
have to remember here that the vapour prepare of 
the exceedingly thin films of the moistening liquid is 
much less than that of the same liquid in the free 
state. The drying temperature must therefore be 
raised far beyond the boiUng- point of the Uquid in 
order to practically get rid of the last traces of the 
latter, and the finer the powder the higher must the 
temperature he. Colloidal substances require the 
highest temperatures. 
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5. Theory of the Washing of Precipitates 

If a represent the quantity of the liquid under 
filtration which remains behind with the precipitate, 
and also the residual quantity of the liquid used for 
washing (assuming that the latter is mixed uniformly 
with the precipitate each time), then, after m liquid 
has been poured on, the total amount of liquid will be 
TW + a, and the original quantity will have been diluted 
to the {m + a)th degree. Again, if x^ represents the 
concentration of the substance in the original solution 
which has to be displaced, its absolute amount before 
washing has commenced is ax^. After the addition of 
a quantity m of the washing liquid, this concentration 

is reduced to the fraction x^ = x^, and when this 

liquid in its turn has drained through the filter until 
only the quantity a remains mixed with the precipitate, 

the absolute amount has eone down to ax^ ^ • ax^. 

A second addition of washing fluid gives the concentra- 
tion ic_ = ^, = ( 1 ^n and the absolute residual 

amount ax^ = ( j ax^, until, after n washings, the 

residue of original liquid remaining with the precipi- 
tate is 

_( a Y 
c,j -~ I — ■ — J axQ, 



axt 



It follows from this formula that, for an equal 
number n of washings, the residue ax^ will be smaller 

the smaller the fraction , that is, the more 

C 
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perfectly the precipitate is allowed to drain (whereby 
a is diminished) and the more washing liquid m is 
used each time. Should the latter, for example, 
amoimt to nine times as much as the original moisten- 
ing solution, and should 1 gramme of foreign substance 
be mixed with the precipitate to begin with, then after 

four washings only (t^) //, i-G- O'OOOl grm., of the 

impurity would remain. 

The answer to the question — how can one best 
wash a precipitate with a given amount of liquid — is 
somewhat different. To work this out requires the 
use of the differential calculus, and it will therefore 
be omitted here ; the result, however, shows that it is 
better to wash many times with small quantities of 
liquid than a few times with large quantities. 

6. Adsorption Phenomena 

But the results of the above calculation (which was 
first made by Bunsen) do not agree at all with 
observed facts. According to what has just been said 
it would, under ordinary circumstances, be quite 
sufficient to wash a precipitate four times with a 
quantity of liquid ten times that of the solution 
adhering to the precipitate, whereas experience has 
taught us that a precipitate is far from being pure 
after being washed to this extent only. This disagree- 
ment arises from the false assumption that the amount 
of impurity on the filter is reduced to the mth part 
by mixing the precipitate with (m — 1) times the 
quantity of water and filtering off (m — 1) parts of 
liquid. That is not the case ; for we have omitted to 
take into account in the above statement the pheno- 
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menon of adsorptioji, or surface condensatiou on solid 
bodies, i.e. the fact that in contact -surfaces between 
solids and liquids, the concentration of the dissolved 
substance is different from and always greater than in 
the rest of the solution. From this circumstance the 
amount of dissolved substance remaining with the 
precipitate after the latter has been drained is always 
more than would correspond to the quantity of adher- 
ing liquid, and, further, the amount which is removed 
by each washing is smaller than it would be on the 
above assumption. Both of these causes unite to render 
the washing of a precipitate less thorough than the fore- 
going theory would lead us to expect. 

Almost nothing is known yet about the laws of 
adsorption. We can merely say that the amount of 
adsorbed substance is very probably proportional to 
the surface -area, and is also a function of the 
nature of the solid and dissolved bodies and of the 
concentration of the latter. With respect to this 
function, a knowledge of which would be requisite to 
the formulation of a rational theory of the washing of 
precipitates, nothing more can be said than that with 
a given nature and extent of surface, the amount 
adsorbed is most likely not quite proportional to the 
concentration, but diminishes more slowly than the 
latter. 

To consider the behaviour of a precipitate upon 
washing, on the simple assumption that the amount of 
impurity adsorbed is proportional to the -concentration 
of the solution,^ let the ratio between the adsorbed 

^ The amount adsorbed cannot depend upon the absolute amount 
of the dissolved substance or of the solution, for, if we imagine 
the substance adsorbed by the solid to be in equilibrium with the 
solution, this equilibrium could not be destroyed by dividing the 
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amount x and the concentration of the solution c be k, 

so that the relation is 

c = hx. 

If now a quantity m of the washing liquid be 
added to the precipitate, which has originally adsorbed 
the amount x^ of the dissolved substance, the residual 
quantity x^ will be determined by 

m ^ 

seeing that the amount {x^ — x^ has gone into solution, 
and has given with m of the solvent the concentration 

-2 — ^, If when this solution has drained awav 
m •' 

thoroughly, a further amount m of solvent is poured 
on to the filter, the now residual portion x^ of the 
adsorbed substance is given by the analogous equa- 
tion — 



m ^ 

X, 



Eliminate x^ = , — ^- from this, and we get 



^2 






and, generally, for n washings 



^2 



This equation is similar in form to that given on 

solution into two parts at any given spot by a partition, and removing 
that portion of the solution which was outside the latter. 
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p. 17, excepting that here the amount of washing 
liquid m is multiplied by a coefl&cient h In other 
words, the difference between the washing of a 
precipitate when we take adsorption into consideration 
and when we do not, is that in the latter case the 
action of the solvent is only partially accounted for. 

As already stated, it is improbable that k could be 
taken as constant in the case of highly dilute solutions 
also. On the contrary, the presumption is that it 
diminishes rapidly with the diminution in the amount 
of adsorbed substance, thus further lessening the 
action of a prolonged washing. At any rate the 
diflficulty which one experiences in actual practice in 
washing the last portions of an adsorbed substance out 
of a precipitate points to the coefficient k behaving in 
this way. 

In the above calculation no account has been taken 
of the liquid retained in the pores of the precipitate 
by capillary attraction. It is easy to see, however, 
that if this were considered the resulting formula 
would be similar in structure to the one just given, 
although somewhat more complex ; the residual portion 
of the impurity decreases continuously in a diminishing 
geometrical series with the number of the washings. 
Here, again, the rule holds good to add the wash- water 
in small quantities at a time, and to allow each portion 
to drain off thoroughly from the filter. 

Adsorption eflFects are produced not merely by the 
precipitates themselves, but also by the filtering media, 
more especially by the cellulose of filter paper. In 
accordance with the end in view a finely porous texture 
is aimed at here, which is very favourable to the de- 
velopment of considerable adsorption actions. In an 
ordinary filtration we have only to consider the case 
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of a small im-ribljed filter, wliich in washing is a 
pletely filled with water, in order that the edges 
may be thoroughly cleaned. The above effects, how- I 
ever, become of consequence iu those frequent c\ 
in which a muddy liquid is only partially filtered ' 
through a dry filter, in order that some analytical 
estimation may be made in a given volume of the 
filtrate. Tlie first drops of the fiUrate mvst thc^-eforc be 
discarded, as they are much less concentrated than the 
rest of the liquid, in consequence of adsorption by the I 
filter paper. The filter very soou reaches a state of J 
equilibrium with regard to this adsorption, and the I 
subsequent runnings possess the same degree of | 
concentration as the original solution. 

Alkaline liquids show this phenomenon in a marked 
degree ; solutions of acids and neutral salts less. 



7. Tlie Enlargement of the Crystalline. Grains 

The fact, already mentioned on p. 13, that a fine 
powder of a crystalline precipitate is gradually con- 
verted into larger grains by digestion in the liquid, is 
of very wide application. The cause of this ia to be ' 
sought for in the surface tension which exists on the 
boundary surfaces between solids and liquids, as ou ] 
those between liquids and gases — the so-called free 1 
surfaces of liquids. This tension acta so that the 1 
surfaces in question are reduced in size, with the 1 
consequent enlaj^ement of individual crystals (the 
total amount of precipitate remaining practically un- 
altered), i.e. with the coarsening of the grains. 

This change is brought about through the smaller J 
crystals of a precipitate being somewhat more soluble I 
than the larger. It is true that this diU'erence inj 
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solubility has not yet been proved experimentally, and, 
being so slight, it is hardly likely to be proved for 
some time to come. But, from the above-mentioned 
considerations with regard to surface tension, this 
conclusion follows of necessity from energy conditions. 
Through this diflFerence in solubility of the larger and 
smaller crystals the liquid remains all the time super- 
saturated with regard to the former ; the small crystals 
must therefore dissolve and the large ones grow. 

But, it may be asked, how can this be explained 
in the case of insoluble substances? The answer is 
that there are none such. We have to go on the 
principle that every substance is soluble ; the degree of 
solubility may vary greatly, but it can never be re- 
duced to zero. It has in fact lately become possible 
not merely to prove but also to measure the solubility 
of such insoluble compounds as chloride, bromide and 
iodide of silver. 

The rate at which this change progresses depends 
upon various circumstances. Thus it increases with 
the solubility of the substance ; this is so marked 
that somewhat soluble precipitates like magnesium- 
ammonium phosphate usually come down coarsely 
crystalline at once, or at least become so in a very 
short time. Again the change proceeds more rapidly 
at a high temperature than at a low one. This 
depends on the one hand upon the increased solubility 
which most bodies show with rise of temperature, and 
on the other upon the much greater rate of diffusion 
of the dissolved substance, whereby its transport 
from the points of solution to those of deposition is 
facilitated. 

The production of coarsely crystalline precipitates 
is to be aimed at not merely because these can be 
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filtered off quickly, but also because thej ai-e purer and 
easier to wash than very fine ones. For the amount 
of impurity from adsorption is proportional to the 
surface, and is therefore smaller the coarser the grains 
are. But there is a limit here too, since large crystals 
readily enclose some of the mother liquor, which cannot 
of course be got rid of by washing. So far as is 
known, however, this never occurs in such crystalline 
precipitates as we obtain iu actual analysis. 

8. Colloidal Precipitates 

Many amorphous bodies possess the property of an 
indeterminate solubility in water. Tlie solutions which 
they form differ to some extent from ordinary solutions, 
standing between the latter and mechanical depositions 
or suspensions. From those solutions the substai 
in question are thrown down by various causes, such 
as warming, the addition of foreign bodies, and evapora- 
tion ; many of them are thus made to lose the property 
of re-solution or re-suspenaion in water, while others 
still retain it. This capacity is, liowever, destroyed in 
probably every case by beating to redness. 

Ferric oxide, alumina, silicic acid and most of the 
precipitated metallic sulphides belong to this class. 
They occur in analysis as gelatinous or flocculent pre- 
cipitates, and are usually difficult to wash, since their 
fineness causes them to stop up the filter, while they 
also tend to pass through the latter after being washed 
for some time, 

The tendency of substances to form colloidal or 
paeudo - solutions varies considerably ; for analytical 
it is best reduced to a minimum. 

All substances of this kind are thrown down by 



salt solutions ; acids anil bases act upon tliem in the 
same way, only more strongly aa a rule — that is, of 
course, when these give rise to no chemical changes. 
The nature of the salt seems to exercise little influence, 
but the requisite concentration depends upon the nature 
of the colloid. If the salt solution is got rid of or 
diluted beyond a certain point, many of the precipitated 
colloids pass ^ain into solution; others become changed 
by precipitation and are thus rendered insoluble. The 
latter is probably the more common, but the trans- 
formation takes place so slowly in many cases that it 
cannot be conveniently observed and made use of. 
Since salts, acids, or bases are usually present when 
such substances are thrown down in analysis, the latter 
generally appear aa precipitates ; when, however, the 
solution becomes diluted by washing, a point is reached 
at which a pseudo-solution may be reproduced. This 
begins in the upper layers of the precipitate. The 
resulting pseudo-solution meets in its passage through 
the remainder of the precipitate and the filter with 
more of the concentrated salt solution, and again 
undergoes precipitation in the pores, the latter being 
thus narrowed and the filter choked. The pseudo- 
solution ultimately penetrates the filter itself, or, as 
we say, the precipitate " goes through." 

In order that this may he avoided we have to take 
care that a sufficiency of concentrated salt solution 
remains always mixed with the precipitate, and for 
this purpose a solution of some salt is to be used in 
washing instead of pure water itself. Since any salt 
produces the desired effect, we naturally choose one 
which can be afterwards easily got rid of, i,e. a volatile 
salt such as acetate of ammonium. If the solution 
has to be boiled, as in the separation of titanic acid 
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auimonium acetate cannot be employed ; instead of it 
sodium sulphate is to hv, taken. 

In a few instaDcea we obtain colloidal substances 
in analysis from solutions in whicli no SEilts are present, 
e.ff. when a pure solution of arsenious acid is thrown 
down by sulphuretted hydrogen. Here no precipitate 
13 formed, but a semi-transparent liquid which passes 
through a filter unchanged. To convert this into a 
filterable liiimd, we must add either a salt or an acid 
to it, when the well-known yellow fiakes separate 
sooner or later, according to the degree of concentration, 

A second condition, which is favourable to the 
management of colloidal precipitates, is a somewhat 
high temperature. Many colloids separate completely 
when their pseudo-solutions are warmed ; all of them 
change at higher temperatures into denser and less 
easily suspendable forms. Silicic acid, for example, 
becomes insoluble after prolonged drying over the 
water-bath, and alumina filters much more readily 
when digested for some hours in the liquid from which 
it has been precipitated. 

Tlie phenomena of adsorption are developed in a 
very high degree in tlie case of colloidal substances 
because of their extremely fine state of division, and 
retard the washing to such an extent that it can 
often not be finished within a reasonable time. This 
difficulty, however, is likewise lessened by all those 
conditions which go to render the precipitate more 
compact. In particular, adhering impurities are usually 
much more easily washed out after the ignition of the 
precipitate than before, the greatest degree of "con- 
densation " being produced by this strong heating, 
sometimes indeed transformation into other, probably 
crystalline, forms. As a result of this condensation 
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the surface is materially reduced, and, with that, the 
greater part of the adsorbed substance is liberated. 
A chemical transformation has a similar effect. Cobalt 
oxide, which has been thrown down by potash, cannot 
be washed free from the latter; this, however, is 
readily done from the metallic cobalt obtained by 
reducing the oxide with hydrogen. Due regard must 
always be paid in cases of this kind to any possible 
chemical interactions which may take place between 
precipitate and adsorbed substance upon ignition. 

9. Decantation 

Decantation offers a still simpler means of separating 
solids from liquids than filtration. Here the two sub- 
stances are allowed to divide into layers, in virtue of 
the difference in their specific gravities, which is 
generally considerable, the (lighter) liquid layer being 
then poured off. It is not possible, however, to carry 
out a quantitative separation in this way, so that the 
procedure is merely applied in analysis as an aid to 
filtration, the liquid being run through a filter, which 
retains any particles of solid. The washing can be 
done in the same way, with a great saving of time, 
when dealing with very fine or colloidal precipitates 
which would readily stop up a filter. Substances 
which pass through a filter (such, for instance, as 
arsenious sulphide in pseudo- solution) do not deposit 
from the solution in which they are held ; the reason 
for this is the same in both cases, and the same remedy 
applies to both. 

Deposition can be hastened to a great extent 
by centrifugal force, which intensifies the separating 
pressure-differences in a marked degree. 



28 FOUNDATIONS OF ANALYTICAL CHEMISTRY ohar 

10. SqinratioR uf Liquids from Liijuida 

The direct separation of one liquid from another 
can only be carried out in those eases where the liquids 
neither mix through nor dissolve iu one another. 
Strictly speaking, of course, every liquid dissolves to 
some extent in every other, but this mutual solubility 
is often so slight that it may be practically disr^arded. 

Admixed liquors are separated by letting the heavier 
sink to the bottom of the containing vessel, which can 
also in certain cases be facilitated by centrifugal action; 
they are afterwards separated mechanically either by 
means of siphons, or, more conveniently, by a separating 
funnel. The smaller the dividing surface between the 
two liquids is, the more easily and thoroughly can the 
separation be effected. 

This method of separation is applied iu analysis in 
shaking up two non-miscible liquids together, when 
the object is to concentrate in one of these some sub- 
stance which, while soluble in both, dissolves in them 
in different degree. A practically complete separation 
can only be achieved in this way by repeating the 
operation several times. 

11. Separatwn oj Gases from Solids or Liquids 

On account of the great difference iu specific gravity, 
gases and vapours separate very easily and quickly 
from soUda and liquids, so that much use is made of 
this procedure. Since, however, only a comparatively 
small number of substances are gaseous at the ordinary 
temperature, the separation is generally carried out at 
a higher one, i.e. either under distillation or sublimation. 
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In this latter case the process is particularly easy of 
control, seeing that the substance in question merely 
becomes gaseous for the moment, relapsing back on 
condensation to the liquid or solid state. In this way 
the large amount of space required to hold any con- 
siderable amount of gas is dispensed with ; and, since 
the condensation of the vapour is induced in an 
apparatus designed for the purpose, a very convenient 
and almost complete separation is effected. The only 
part of the vapour which remains unseparated is that 
which fills the distilling vessel at the close of the 
operation, and even this can be expelled by leading in 
some other suitable gas or vapour. 

12. Separation of Gases from one another 

Since all gases — in so far as they do not affect one 
another chemically — are miscible in any proportion, 
the direct separation of a mixture of gases into its 
constituents cannot be carried out by mechanical 
means. A partial separation can be made by diffusion, 
seeing that light gases diffuse through others or through 
any porous material more quickly than heavy do. But 
it is impossible to effect a complete separation in this 
way, and consequently the method has been applied 
more for the purpose of proving the presence of different 
constituents in a mixture of gases than of separating 
them from one another. 

The use of porous partitions often permits of much 
better separations than free diffusion into another in- 
different gas, especially as the process can be repeated. 
There are permeable materials which appear to render 
a complete separation possible in the case of individual 
gases ; for instance, hydrogen passes readily through 
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which always remains behind moistening the solid ; 
and subsequent washing is not possible here, as when 
separating solutions from precipitates. On the other 
hand, the use of solvents is preferred for the separation 
of solids from liquids. And, since there are many 
more substances capable of solution than of vaporisation, 
the latter procedure is followed to much the greater 
extent. 

Thus the aids to bringing about suitable conditions 
for separation are restricted for the most part to the 
two methods of distillation and solution. If those 
should not be feasible, chemical means must be brought 
to bear, and these will be considered later on. 



2. The Theory of Distillation 

Speaking generally, every solid or liquid can be 
converted into vapour at any temperature, but this 
change may be said only to take place in a measur- 
able degree in the case of certain substances (not in 
all), and above certain limits of temperature, which are 
different for different bodies. The law of this transi- 
tion is simple and applicable all round. It is this — 
conversion into gas or vaporisation takes place so long 
as the gas or vapour has not reached a certain degree of 
concentration at the siirface of the vaporising substance, 
this concentration being dependent only upon the 
nature of the latter and upon the temperature ; and, 
without any exception, this characteristic concentration 
increases with rise of temperature. 

The above law is usually put in this way — that, 
corresponding to each temperature, there is a parti- 
cnlar vapour pressure. In the case, therefore, of other 
gases being present, the partial pressure of the vapour 
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in question must be given. But the only way of 
getting at tbia ia to determine the proportion between 
the quantity of this vapour and that of the other 
gaaea, and, after dividing these by the corresponding 
specific gravities, to dbtribute the total pressure in the 
ratio of the numbers thus found. The definition 
which haa been given, however, possesses the advantage 
over tMs of greater simplicity, since the measurement 
of the concentration involves merely a knowledge 
of the amount and the volume ; certain abstract 
difficulties with respect to the partial pressure are also 
avoided by it. 

It must he again emphasised that in tliis law we 
have merely to do with the concentration, i.e. the 
partial pressure of the vapour itself. Whether other 
gases or vapours are present in the same area has no 
influence on the equilibrium (or at least only a secondary 
influence, which need not be referred to here). 

Distillation is thus a very simple matter in the 
case of substances whose vapour pressures differ widely, 
•Le., practically speaking, in the separation of volatile 
from non-volatile bodies. The temperature of the 
mixture is raised to the boiling point of the volatile 
constituent, or, in other words, to the temperature at 
which its vapour pressure just exceeds that of the 
atmosphere, and the volatile portion is condensed by 
cooling if wanted. At the* end of the operation the 
distilling vessel remains filled with the vapour of the 
volatile constituent ; hut the latter can be displaced 
by a current of some indifferent gas, the apparatus 
being constructed with this end in view. 

Since the boiling point depends upon the external 
pressure, it can be lowered, if desired, by reducing the 
latter. For this purpose the distilling apparatus must 



be constructed air-tight, and the air pumped out of it 
boforo beginning to distil. Seeing that we have only 
to do with partial pressure here, we can achieve the 
same end by the admixture of another gas or vapour, 
i.e. by distilling in a current of gas or ^apour. Which 
of those two should be chosen will depend on the cir- 
cumstaneea of the case. If the distillate is to ba 
collected, a current of vapour is preferable, since a 
mixture o£ vapours can always be condensed without 
loss, while au admixed gas carries away with it a 
quantity of the volatile substance corresponding to ita 
own volume, and to the vapour pressure of the latter 
at the temperature of the condenser. But, should the 
distillate not be wauted, it is often more convenient to 
distil in a current of gas. 

The amount of the volatile vapour carried off by 
the current of gas is — as just stated — proportional to 
its vapour pressure at the temperature of distillation, 
and to the volume of the admixed gas. If E is the 
barometric pressure and p the vapour pressure at the 
temperature in question, the volumes v and V of the 
two ingredients of the gaseous mixture stand in the 
ratio of the partial pressure =— - , and the volume of 
vapour V of the distilling substance at the atmospheric 
pressure E ia v = V ; on multiplying this value 
by the vapouj density, the weight of the distOlate is 
obtained. 

3. Distillation of Mixed Liquids 

Two liquids may either not mix at aU, or they may 
be miscible partially or completely and in any propor- 
tion. The first-mentioned case is to be regarded as 
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the theoretically impossible limit, which, however, is 
often neai'ly enough approximated to for practical pur- 
poses. The theory of the distillation of uon-niiscible 
volatile liquids has just been given, under distillation 
in a current of gas, of which it is merely a particular 
case. But the temperature of volatilisation here, unlike 
that ahove, ia no longer to be chosen at will, but is con- 
ditioned by the boiling point of each of the two liquids 
at the partial pressures of their vapours ; both of 
those boiling points are necessarily identical, and lie 
bdow the boiling temperature of the more volatile 
ingredient, seeing that its partial pressure is of neces- 
sity smaller than the total pressure, or than that of 
the atmosphere. 

The quantitative proportion between the two sub- 
stances under distillation i-emains constant in this case, 
so long as both vapours are present in the escaping 
bubbles. If^j ^^^ P2 represent the two partial pres- 
sures, and d^ and d^ the two vapour densities, then the 
relative weights j)i, and vi„ are in the ratio — 



The same laws hold good if one of the two suh- 
stancea is a soUd, and insoluble in the other. 

The two substances are, of course, readily separable 
in the common distillate, seeing that we are going on 
the assumption of their being non - miscible. Wliere, 
then, would be the object of such a distillation ? As a 
matter of fact it is only made use of in place of dis- 
tillation in a current of gas or vapour (which has been 
already explained), in order to separate some volatile 
substance from others which are non-volatile. 

If the two liquids are partially miscible, in the sense 
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that some of the first dissolvea in the second and vice 
versd, but that the two solutions aa a whole do not 
mix, the above laws still hold good in part. In the 
first place, emphasis has to be laid on the fact that 
both solutions have the same vapour pressure, seeing 
that they are both made up of the same constituents. 
One, therefore, obtains a constant mixture of the two 
substances on distilling, so long as two layers are 
present in the retort, and this mixture again separates 
in the receiver iuto two non-miscible, mutually aatiu^ted 
solutions. It is thus impossible to effect any further 
separation by such a distillation ; the case, therefore, 
does not concern us in analysis. 

But if the two non-miscible portions, A with some 
of B and B with some of A, are each distilled alone, 
a further separation can of course be brought about. 
This comes, however, under the distillation of homo- 
geneous solutions, to which we shall now refer. 

In homogeneous mixtures of volatile substances, 
the combined vapour pressure is always lower than 
the sum of the vapour pressures of the constituents at 
the same temperature, the vapour pressure of any 
volatile body being always diminished by the solution 
of some other in it. 

The behaviour of homogeneous mixtures on distil- 
lation is most easily under- 
stood by making a graphic 
representation of the com- 
bined vapour pressure aa 
a function of the com- 
position. If, in the sub- 
joined figure, the ordinate 
aa represents the vapour 
pressure of the first lic[uid, and the ordinate h^ that 
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of the second, then tbc vapour pressures of all j 
mixtui'ea of both, drawn according to their percentages 
between a and 6, will form a continuoua curve corre- 
sponding to one of the thiee types I, 11, and III. In 
other words, we shall either have a mixture whose 
vapour pressure is higher than that of all the others 
(curve 1), or lower than these (curve III), or, finally, 
mixtures with vapour pressures between those of tlie 
several liquids, without any maximum and minimum 
(curve II). In the first type (I) the boiling points 
of the mixtures lie below the mean value, and we get 
the mixture of lowest possible boUing point; in III 
we have the mixture of highest possible boiling point ; 
while II includes all the boiling points of mixtures 
which lie between those of the two constituents. Now 
the law holds that, in the case of the mixture which 
possesses the highest or the lowest boiling point, the vapowr 
must have the same composition as the liquid itself. 
Such mixtures consequently behave as homogeneous 
liquids, and they cannot be separated by distillation. 
It follows therefore that liquids belonging to types I 
and III can only be resolved by distillation into (1) 
the particular mixture of highest or lowest boiling 
point, and (2) the liquid which is present in excess 
with respect to that mixture, any further separation 
being impossible in this way.^ 

In case II, however, a more or leas perfect separa- 
tion can be effected. If any given mixture of such 
liquids be raised to boiling, the ratio between the two 

' Sucb mixturea (if consbiDl; boiliug point (^.17. of lif drochlorio aciil 
and water) liavc often heea regurtlod as cliemieal oompoiindii, but 
wrongly so. Tlio faut that they are not ia proved by their eompoBitions 
slturiug eoutiuuously with alteration of the pressure under which they 
■e diatilled. 
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constituents in the vapour will be different from tliat in 
the liquid ; a larger proportion of the more volatile 
ingredient will generally he present in the former. 
The same holds good with regard to the distillate, the 
separation being more complete the greater the differ- 
ence between the vapour densities of the two liquids. 
By re-distilling the first portion of the distillate, a 
further separation ia effected, ao that in time we get 
the more volatile liquid collected in the distillates, 
while the lesa volatile remains behind in the residues. 
Repeated distillations like this can be carried out 
automatically by partially condensing the vapour, and 
compelling each succeeding portion to pass through 
that which has just been liquefied. A great many 
different kinds of distilling apparatus have been con- 
structed with this end in view, which, however, it would 
be out of place to describe here. These effect an 
approximate /j'ach'ono/ distillation, but cannot be used 
for quantitative purposes. When a quantitative 
separation is required, the only method is that of 
chemical transformation, whereby one of the constitu- 
ents is changed into a solid or a non-volatile state; 
and this applies also to the separation of mixtures of 
constant boiling point (p. 37). 



4. Separation hy Solutiun 

Homogeneous mixtures of different substances are 
termed solutions. For our purposes here we need 
only consider liquid solutions, which are formed when 
substances of any state of aggregation are brought into 
contact with suitable liquids. According to the state 
of aggregation of the substance to be dissolved, we 
distinguish between the three cases of solution of 
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gasea, of liqui^H, and of solids in liquids. The process 
of separation by solution consists, generally speaking, in 
Ending and using a liquid whicli readily and abundantly 
dissolves one of the substances to be separated, while 
it leaves the other practically unaffected. The latter 
condition cannot be absolutely fulfilled, but there are 
numberless cases where it is approximated to with 
sufficient accuracy. By the use of such a solvent the 
two substances in question are rendered separable by 
mechanical means ; in the case of solution of liquids 
in liquids it Ls necessary, in addition, that these shall 
not be miacible with one another. 



5. Solutions of Gases 

The law according to which gases dissolve in 
liquids is that, given a state of equilibrium, the 
concentration of the gas bears a constant relation to 
that of the solution. By concentration is meant, of 
course, the amount present in unit of volume. Since 
the concentration of a gas is proportional to the 
pressure, so is also the quantity of it dissolved. The 
ratio depends upon the nature of the substance and 
the temperature. All gases dissolve in water, alcohol, 
and similar liquids, albeit in most cases to only a 
alight extent. In order to produce a solution in a 
state of equilibrium, i,e. a saturated solution, it is 
needful to bring the largest possible surface of gas and 
liquid into contact, and to disseminate the dissolved 
substance throughout the liquid, this being effected by 
passing the gas in very small bubbles, shaking the 
liquid, and other mechanical means. 

In most cases what we want is not so much a 
saturated solution, as to attain to the most perfect 
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absorptiou practicable. Here, however, the difficulty 
meets us that, in our case of a. gaseous mixture, the 
concentration (or the partial pressure) of the gaa under 
absorption becomes less, the further the separation by 
solution has proceeded. We must therefore apply the 
principle of cownter-airrents by letting the mixed gases 
and the solvent liquids meet one another travelling in 
opposite directions. In this way the almost saturated 
solution meets with fresh gas, while the new liquid 
comes first into contact with the gaseous mixture from 
which nearly all the soluble constituent has been 
already removed. We thus ensure, in the former case, 
the greatest possible saturation and therefore the 
smallest expenditure of solvent, and, in the latter, the 
completeat possible absorption of the last traces of 
soluble gas. 

For quantitative purposes the simple absorption of 
gases in liquids can be applied but seldom, because 
the absorption -coefficients of most gases are too small 
and approximate too closely to one another to allow 
of this. A few gases, however, such as the hydrogen- 
halogen acids can be separated well enough in this way 
from hydrogen, nitrogen, air, etc. In most cases a 
chemical transformation is necessary in the first 
instance; even in that of the hydrogen-halogen acids, 
juat mentioned, there is reason for believing that 
chemical interactions take place on their solution in 
water. 

When separating gases by absorption it is necessary 
to bear in mind that the unabsorbed gas carries away 
with it an amount of the solvent corresponding to the 
vapour pressure, and this must either be allowed for, 
or it must be prevented from escaping by some suitable 
means. 
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6. The Drying of Gases 

A very frequently occurring case in gas-separation 
is the drying of gases, i.e, the abstraction from them of 
any water vapour that may be present. For this 
purpose either Uquid solvents such as strong siilphuric 
acid, or solid absorptives like calcium chloride, caustic 
potash, and phosphorus pentoxide are employed. In 
order to carry out the operation successfully, we have 
to bear in mind the considerations that have just been 
mentioned above. For example, it is much more 
efl&cacious to spread the strong sulphuric acid over 
some porous material like pumice stone, and thus to 
establish a large acting surface, than simply to let the 
gases bubble through the liquid acid. In this case, also, 
most of the interactions that ensue are of a chemical 
nature. 

7. Two Non-Misaihle Liquids; the Tlieory of the Ex- 
traction of a Dissolved Substance from one Solvent 
hy shaking this up wUh another 

When two non-miscible liquids, contained in the 
same vessel, are brought into contact with a third 
substance which is soluble in both of them, the latter 
so distributes itself that its concentration in the one 
liquid bears a constant relation to that in the other. 
This law was discovered by Berthelot and Jungfleisch, 
and has since been frequently verified experimentally. 
Under certain conditions it seems to undergo modifica- 
tion, but this will be explained later on. The simple 
statement just given is suflScient for a survey of the 
subject in its main points. 
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U 3-g represents the quantity of dissolved substance ' 
present in amount I of tlie first solvent, then when 
tMs solution is 
second solvent, x. 
x^ - jTj passes into 
by the equation 



up with amount m of the 
remains behind in the first and 
le second. The quantity a.\ is got , 



% + M 



■ 



since -j- and — — - represent the two concentrations, 

and k the constant ratio-number between these, or the 
distribution coefScieut. 

A second shaking up with a similai- quantity m of 
the second solvent gives 



or, after substituting for x^ its equivalent given above, 

• •\m + il) 
and for n shakings 

Here, i^ain, the form of equation is the same as in 
the theory of washing precipitates, and a similar con- 
clusion is to be drawn here also, viz, that with a given 
amount of solvent a more perfect separation is effected 
when the shaking up is done with a great many small 
portions, rather than with a few large ones. For the 
rest, the result depends upon the value of the distribu- 
tion coeflicient k; the smaller this is, li?. the smaller 
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the ratio of concentmtiou between the first and second 
solvents, the (quicker ia the progress of the operation. 
But it is as impossible to effect an absolnte separa- 
tion by shaking up as it is to wash a precipitate 
completely. 

8. SohUioTis of Solids 

The law of solubility for solids ia that equilibrium 
or saturation ensues upon a definite concentration of 
the solution ; the value of this concentration depends 
upon the nature of the substances and upon the 
temperature, the concentration usually increasing with 
rise of temperature, althougli in certain cases it falls. 

The value of this saturation-concentration at a given 
temperature is entirely dependent upon the state of 
aggregation of the solid with which the solution is 
in contact, altering as this altera. We have to note 
especially here that a definite and in every case 
different solubihty attachee to the various polymorphic 
and allotropic forms, and the various hydrates, etc, of 
one and the same substance. For this reason such an 
expression as " the solubility of sulphur " is quite 
indefinite, even although the solvent and the tempera- 
ture are stated ; to make it complete, the particular 
modification of sulphur in question must be given. 

It has already been mentioned that amorphous 
substances have, as a rule, no definite solubility, so far 
at least us they form colloidal solutions. They are, 
however, always much more soluble than the corre- 
sponding crystalline compounds. Most crystaUiue 
precipitates appear to come down amorphous in the 
first instance, and then to change more or less rapidly 
into the crystalline state, this being especially notice- 
able in the case of carbonate of lime. On account of 
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the greater solubility of the amoqjhous modifications, 
this change into the crystalline form muat always be 
awaited when separations are in view. The mode by 
which it can be hastened has been already described 
in detail on p. 22. 

The separation of two solids, by means of a Bolvent 
in which only one of them is soluble, is subject to 
essentially the same laws as the washing out of 
precipitates (see p. 27). The actual treatment with 
the solvent is most conveniently effected in some 
vessel and not on the filter. The resulting solution is 
then poured through the filter, and the residue in the 
vessel treated with fresh quantities of liquid imtil one 
is certain that everytliing which is soluble has dis- 
solved, when the residual solid ia finally thrown on to 
the filter and washed. The reason for proceeding in 
this way is that it is by no means easy to ensure that 
every particle of solid on a filter shall be thoroughly 
exposed to the action of the solvent. 

Since the rate of solution is proportional to the 
extent of contact surface, it ia always advisable to 
reduce the solid to fine powder, should it not be in that 
state already; this applies especially to sparingly 
soluble substances. Warming is also to be recom- 
mended in most cases. 

If it should be desired to carry through the separa- 
tion with the least possible quantity of solvent, the 
lattei' may be distilled oil' from the extract — assuming 
the dissolved substance to be non-volatile — and used 
over again. These operations repeat themselves 
automatically in an extraction ajiparatus, which con- 
sists of a distilling flask with reflux condenser attached ; 
between these the filter containing the substance to he 
extracted is placed, this allowing the recondensed 
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liquid to percolate it time after time. There have 
been a good many different forniB of apparatus devised 
for the above purpose, the most practical being those 
in which a self-acting siphon returns the solvent — 
which after percolation lodges in the interstices round 
the filter— back to the distilling flask. 



9. Several Sattiite Svhstaiices 

Speaking generally, every substance must be looked 
upon as soluble, and thus a separation by means of a 
solvent is of necessity always imperfect, seeing that a 
small portion of the " insoluble " ingredient is invari- 
ably dissolved ; but should the latter be so minute as 
to be negligible, the substance iu question ia considered 
insoluble. Iu cases where this solubihty ia appreci- 
able and has to be taken into account, it is important 
to know the laws of the collective solubility of 
several substances. For sparingly soluble bodies, which 
undergo no change in dissolving, the law holds that 
these dissolve independently of one another, until the 
saturation- concentration is arrived at for each one. It 
is the same law which applies to the simultaneous 
solution of several gases in a liquid, and also to the 
common vapour pressure of non-miscible liqmds. 

In this simple form, however, the law of independ- 
ent solubility finds but httle application. In cases 
where salts — or, generally, electrolytes — are concerned, 
the solubilities exert a mutual influence if the different 
substances contain a common ion. These relations 
will be discussed later on. 



CHAPTER IV 



CHEMICAL SEPARATION 

g 1.— THE THEORY OF SOLUTION 

1. Intraliidion 

If a separation can neither be effected directly nor by 
physical means, we have the moat fretiuently occurring 
case of aU, viz. the transformation of the substance to 
be separated into some other chemical compound 
whose condition admits of a mechanical separation. 
Here also, as before, we have to aim at getting mixtures 
of eohd and hq^uid on the one hand, or solid and gas 
or liquid and gas on the other. 

In order to fully appreciate the processes which go 
on in solutions of most substances, it is necessary that 
we should first discuss the theory of solution and the 
state of a substance after it has been dissolved. The 
recent developments in this branch of the subject have 
caused the theory of analytical reactions to enter upon 
an entirely new phase — indeed it is only through them 
that this theory has become a truly scientific one ; the 
progress of analytical chemistry centres mainly in this 
point 
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2. The SUde of Suhdances in Sduiion 

The idea frequently given expression to by earlier 
investigators — that in dilute solution subatancea 
assume a coudition which is similar to the gaseous 
state — has now become a strictly scientific theory, 
thanks to the pioneering labours of van't Hoff. In 
preceding sections of this hook stress has been 
repeatedly laid upon the agreement between the 
empirical laws which have been worked out for 
dissolved suhstances on the one hand and for gaseous 
on the other, with respect to solution and saturation ; 
this agreement extends so far that matter in the 
two above states obeys the same law with the same 
constants, with only this diiference, that in place 
of ordinary gaseous pressure, osmotic pressure comes in 
for dissolved substances. Osmotic pressure means the 
pressure which is exerted on a boundary surface 
separating a solution from the pure solvent, when 
there is at this surface a septum which permits only 
the solvent and not the dissolved substance to pass 
through.^ 

Just as vapour density determinations at different 
temperatures and pressures have given us information 
with regard to the molecular complexity of substances 
in the state of vapour, so lias the study of solutions 
shown that the formula; usually ascribed to many 
substances do not apply to them when in aqueous 
solution ; they must in fact have when in solution a 
smaller molecular weight than that corresponding to 

' For fnller detaila Bee the aathor'a Outlmei of General Chemistry 
(EDgliah trausktioa by Jamea Walker), p. 129 ; or hia XeftrfrucA dirr 
allgemeinsn, ChemU (2nd ed.), vol. i. p. 6B1 ; or M. M. P. Muir's 
tranaltition of that pottioa of the latter whioh tieata of SoluUcjia. 
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the lowest possible formula. The interpretation of this 
problem was at first attended with great difliciJties, 
which were, however, ultimately surmounted by 
Arrhenius in his Tlieory of EI,actrolytic Dissociation. 
This investigator perceived that the deviations just 
referred to occur only iu the caae of suhatances which 
behave aa electrolytes, and he was enabled to formulate 
the laws of electrolytic conductivity and to explain the 
deviations of the solutions in c[uestion by the assump- 
tion that salts do not exist as such in aqueous solution, 
hut are dissociated more or less completely into their 
constituents or ions. 

It would be out of place to enter in detail into the 
various methods by which this assumption has been 
confirmed and justified ; it will be taken for granted 
here, but a number of new proofs of its applicability 
will be brought forward in the course of the following 



3. Ions 

It was early forced upon the observation of 
chemists that salts were binary compounds. Berzelius 
looked upon them aa being made up of acid and base, 
or rather of acid anhydride and metallic oxide ; this, 
however, placed hJTn in the difliculty of having to regard 
halogen salta as constituted differently from oxygen 
ones, although there is nothing in the behaviour of 
the two classes which demands or justifies such a 
distinction, Liebig, together with a number of other 
chemists, snbseq^uently perceived that the true con- 
stituents of salts are the metal on the one hand and 
the halogen or acid radicle {i.e. salt minus metal) on 
the other, and Faraday gave to those constituents the 
name of iojis. We have to distinguish between 
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positive ions or cathions (metals and complexes which 
behave like metals, e.g, XH^), and negative ions or 
anions (halogens and acid radicles like NO^, SO^, etc.). 
In aqueous solutions of electrolytes the ions are 
usually partly combined and partly free. In the case^ 
of neutral salts the uncombined portion is by far the 
greater, and it increases as the solution becomes more 
dilute. The properties of a dilute salt solution are 
thus dependent upon those of its free ions rather than 
on the properties of the dissolved salt as such, or of 
the ions which are combined. The analytical chemistry 
of salts thus becomes enormously simplified under this 
law ; what we have to establish is not the analytical 
properties of the possible salts, but only those of their 
ions. Supposing we made the assumption that fifty 
anions and fifty cathions were to be considered, these 
might form 2500 possible salts; and, if each salt 
showed some individual reaction or reactions, the be- 
haviour of 2500 different substances would have to 
be ascertained. But, since the properties of salts in 
solution are merely the sum of the properties of their 
ions, it follows that we only require to know 50 + 50 
= 100, in order to master the whole 2500 possible 
cases. As a matter of fact, analytical chemistry has 
long made use of this simplification; we know very 
well, for instance, that the reactions of the salts of 
copper are the same with respect to the copper they 
contain, whether it be the sulphate, nitrate, or any 
other salt that is examined. But it has been left 
for the electrolytic dissociation theory to formulate 
this relation scientifically. 

And the above theory not only explains the great 
simplicity of the analytical system in this way, but 
also those complications which we find by experience 
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to occur ill particular eases. While the numerous 
metallic chlorides all give the reactioii of chlorine 
with silver, other chlorine compourds, such aa potassic 
chlorate, the salts of the cliloro- acetic acida, chloro- 
form, etc., do uot. Chloroform may, however, be at 
once eliminated here, for it 13 not a salt, and cannot 
therefore show the ion-reactions. Now the reason why 
the salts just named do not give the characteristic 
chlorine reaction, although they are salts and contain 
chlorine, is because they contain no chlorine ions. 
The ions of chlorate of potassium are K and ClO^ ; 
the salt thus gives the reactions of the potassium ion 
and of the ion ClO.j, and no other reactions are to be 
looked for. In all cases, therefore, in which an element 
is a constitnent of a compound ion, it loses its ordinary 
reactions, and in place of these we get new ones 
characteristic of the latter. 

How the ionic condition is recognised and liow the 
degree of dissociation is measured, are questions which 
cannot be discussed in detail here. But it may just 
be mentioned that electrolytic dissociation and electro- 
lytic conductivity run on parallel lines, and tliat con- 
clusions can he drawn with respect to the former by 
measuring the amount of the latter under given 
conditions. Besides this there are numerous other 
auxiliary aids, the application of which has led to 
the same results aa the electrolytic conductivity. 

The further question— which are the ions of any 
given salt — is not always easy to answer. Thus, it 
used to be supposed that potassium platinichloride 
was a chlorine compound of the same nature aa 
metallic chlorides generally, whereas we now know 
that its ions are 2K and PtCl^, and that it is therefore 
the potassium salt of hydro-platinichloric acid. As a 
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consequence, it gives no chloride of silver with silver 
nitrate, but a yellow precipitate of silver platinichlor- 
ide, AggPtClg. We are able to decide the point in 
question chemically, by observing which are the com- 
plexes that interchange themselves with the ions of 
other salts. The electrolysis of the salts also furnishes 
an independent proof, since the cathions move in the 
direction of the positive current and the anions in that 
of the negative. Thus Hittorf, in electrolysing sodium 
platinichloride, found that the platinum and chlorine 
together betook themselves to the anode, while the 
potassium went to the cathode. 

The parallelism between electrolytic ' conductivity 
and capacity for chemical interaction is one of the 
most important aids to judging of the ionic condition. 
Both properties run alongside of one another throughout, 
so that Hittorf has given the following definition : — 
Electrolytes are salts, i.e. binary compounds, which are 
capable of exchanging their constituents instantaneously. 
Since, for the purposes of chemical analysis, those re- 
actions are of most importance which go on at the 
greatest possible rate, the ones referred to here are 
practically all ion-reactions. 

4. The Varieties of Ions 

In accordance with the fact of salts being binary 
compounds, the ions fall in the first instance into two 
classes, named by Faraday cathions and anions. The 
former move in the direction of the positive current 
when a stream of electricity is passed through an 
electrolyte, i.e. through a compound containing ions, 
and we therefore assume that they are combined with 
amounts of positive electricity which, according to 
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JFaraday's law, ai'u eyual for tq^tiivalent qiiaiitities of 
-s. jdiffei'ent ions. The anions move in the opposite 
direction, and are therefore combined with negative 
electricity, the amouuts of which are likewise equal 
for equivalent quantities of different iona. The word 
" equivalent " is used to denote those quantities of 
opposite ions which unite to form a neutral compound. 
These contain equal amounts of electricity, but of 
opposite sign ; for, in an electrically neutral liquid, 
the sum total of the quantities of positive electricity 
must be equal to the sura total of the negative. 

Since ions in solutions comport themselves as in- 
dependent substances, it has been found possible to 
determine their molecular weights. This has resulted 
in showing that we have to distinguish between 
mono- and polyvalent ions, in accordance with what 
is demanded by the molecular weight determinations 
of non- dissociated compounds. The ions of potasaic 
sulphate, KgSO^, for example, are 2K and SO^ ; it 
follows from what has been said above that an 
electrically and chemically neutral solution of this 
salt must contain an amount of electricity for each 
SO^-ion equal to that of the two K-ions, i.e. the ion 
80^ is charged to double the extent with negative 
electricity that the ion K is with positive. In the 
same way it follows from the formula BaCl^ that the 
ion Ea must be divalent with respect to CI. The follow- 
ing are the most important ions : — 



(a) Monovalent: H (in the acids), K, Na, Li, Ca, 
Eb, Tl, Ag, NH^, NHjE to NR, (K being an 
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organic radicle), Cu (in cuprous compounds), 

Hg (in mercurous compounds), etc. 
(h) Divalent : Ca, Sr, Ba, Mg, Fe (in ferrous salts), 

Cu (in cupric salts), Pb, Hg (in mercuric 

salts), Co, M, Zn, Cd, etc. 
(c) Trivalent : Al, Bi, Sb, Fe (in ferric salts), and 

most of the rarer metals of the earths. 
((l) Tetravalent : Sn (doubtful), Zr. 
(e) Pentavalent : None known for certain. 



B. Anions 

(a) Monovalent : OH (in bases), F, CI, Br, I, NO^^, 

CIO3, ClO^, BrOg, MnO^ (in permanganates), 
and the anions of all the other monobasic 
acids, i.e, acid molecule minus an atom of 
hydrogen. 

(b) Divalent: S, Se, Te(?), SO^, SeO^, MnO^ (in 

manganates), and the anions of all the other 
dibasic acids. 

(c) Tri- to hexavalent : The anions of the tri- to 

hexabasic acids. Elementary anions with a 
valency of more than two are unknown. 
When it shall be necessary or desirable to designate 
the ions as such in the subsequent portion of this 
book, the formula of the cathions will be accented by 
a dot (•) and that of the anions by a dash ('). K* 
thus represents the potassium ion as present, for 
example, in an aqueous solution of potassic chloride, 
while the corresponding chlorine ion is denoted by 
the symbol CI'. Polyvalent ions are marked with as 
many dots or dashes as correspond to their valencies 
or electric charges. 
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5. Some fiirtlier Details 

A few details with respect to the degree of electric 
dissociation or ionisatiou of the more important com- 
pounds are necessary for a proper review of analytical 
reactions, and they shall therefore be given here. 

iVbm - dedTolyiea comprise the oi^auic compounds 
with the exception of the typical acids, bases, and 
salts ; also solutions of substances in solvents like 
benzene, carbon disulphide, ether, and similar liquids. 
Solutions in alcohol constitute a transition to the 
electrolytes, seeing that in them an ionisation of salt 
occurs, although as a rule only in very slight degree. 
The substances and solutions named at the beginning 
of this paragraph are not in truth to be looked upon 
as absolutely undiasociable, just as there is no sucii 
thing as an absolute non-conductor ; tbo line can only 
be drawn here, as in analogous cases, where observation 
and reEned measurement reach their limits. 

Medrolytes comprise salts in aqueous solution, the 
term " salt " including here and in the following pages 
both acids and bases, acids being salts of hydrogen, 
and bases salts of bydroxyl. Solutions of salts in 
alcohols are likewise ionisable, although to a far less 
extent ; the ionisation is greatest in the case of 
methyl alcohol, and diminishes (for the same sub- 
stance) with increase in the molecular weight of the 
alcohol. 

Of the different kinds of salts, neutral ones are 
the most strongly ionised ; aqueous solutions of 
medium concentration (such as are generally employed 
js) usually contain much more than half the 
total salt in the condition of free ions. And salts 
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differ in this respect among one another in so far that 
those with monovalent ions, such as KCl, AgNOg, and 
NH^Br, are the most dissociated, the dissociation de- 
creasing as the valency of the ions rises. The nature 
of the metal and of the acid radicle has otherwise but 
little influence on the degree of ionisation of a salt. 
A few exceptions must be noted here. The halogen 
compounds of mercury are ionised very slightly, 
those of cadmium a little more, while those of zinc stand 
more or less midway between them and salts generally; 
again, of the halides, the iodine compounds show the 
smallest, and the chlorine compounds the greatest 
ionisation. 

A much greater diversity exists among the acids 
and bases. These show degrees of ionisation corre- 
sponding to what is somewhat loosely termed their 
" strength," i.e. the strongest acids and bases are the 
most completely ionised. 

The strong acids, whose ionisation is of the same 
order as that of neutral salts, are the halogen hydrides 
(with the exception of hydrofluoric acid, which is 
only moderately ionised), nitric, chloric, perchloric, 
sulphuric, and the polythionic acids. 

Moderately strong acids comprise phosphoric, sul- 
phurous, and acetic acids, which are not ionised 
beyond about 10 per cent under ordinary conditions. 

The weak acids, with an ionisation of less than 
1 per cent, are carbonic acid, sulphuretted hydrogen, 
hydrocyanic, silicic, and boracic acids. The ionisation 
of the two last is so slight as to be scarcely 
measurable. 

Under the strong bases we have the hydroxides of 
the alkali and alkaline earth metals and of thallium, 
and also the organic quaternary ammonium compounds. 
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All these are ionisable to about the same extent as 
neutral salts. 

The moderately strong bases are ammonia and the 
amine bases of the fatty series, oxide of silver, and 
magnesia. 

The weak hoses comprise the hydroxides of the 
di- and trivalent metals with the exception of those 
named above, the amine bases of the aromatic series 
(when the nitrogen is linked to the aromatic nucleus), 
and the greater number of the alkaloids. 

Further details on the subject will be given in the 
special sections of this book where necessary. It is 
very important that we should fix the large groups — 
just mentioned — in our memories, since a critical 
review of analytical reactions is directly dependent to 
a large extent upon the conditions which have just 
been explained. 

§ 2. CHEMICAL EQUILIBRIUM 

6. The Law of Mass-action 

In discussing chemical equilibrium we have two 
cases to take into consideration, viz. homogeneous and 
heterogeneous equilibrium. Homogeneous equilibrium 
exists in those spaces in which there is never a surface 
of separation, i.e. in gases and homogeneous liquids. 
As a matter of principle homogeneous solids must not 
be excluded, but, practically speaking, they do not 
come into question. 

Tlie law of homogeneous equilibrium may be stated 
thus : If we have a reversible chemical reaction 
corresponding to the general equation 
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in which the symbol z is used to indicate that the 
interaction may go on equally well from left to right 
(of formula) as from right to left; and if a^, a^, a^ 
. . . and y8j, ySg, ySg . . . represent the con- 
centrations of the substances A^ Ag, A^ . . . and 
Bj, Eg, Bg . . . ., while m^, m^, m^ . . . and n^, 
Tig, Tijj . . . stand for the respective numbers of the 
molecules taking part in the reaction, then the 
following equation holds good — 

ai»"i a2«»2 ag'^s . . . ^Jc^i^ P^^2 P^^s . . ., 

* • ' «. 

k being a coeflBcient depending upon the nature of 
the substance and the temperature. 

This law is of very general application. If the 
amount of the particular substance divided by the 
total volume is taken as the concentration, it must be 
looked upon as an approximate law, which only becomes 
true in the limit-case, i.e. for dilute solutions. With a 
suitable definition of concentration it can be made gener- 
ally applicable, but there is no such definition known 
yet for concentrated solutions. The simple definition 
just given is amply suflBcient for our purposes. 

All those substances are to be considered as taking 
part in the reaction which undergo a change, and 
which alter in their concentration. There are, it is 
true, special cases in which the first of these two con- 
ditions is fulfilled, but not the second. This occurs 
more particularly when the reaction goes on in a 
solution and the solvent takes part in it. In such a 
case the respective factor a^ or ^ remains constant, 
and can be incorporated with the coeflBcient k 

When ions share in the reaction, they are to be 
considered as being separate substances. The ordinary 
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formulie must therefore not be given in an equation to 
tlie eleetrolytically dissociated bodies, but their state 
of dissociation must be denoted. Thus potaasic chloride 
in very dilute solution — when the salt is dissociated 
completely — could not be written as KCl in such 
a formula, but rather as K* + G1' (the dot and dash 
indicating the ionic condition, the former standing for 
cathions and the latter for anions). In the caaea 
which have yet to be explained, examples will be 
given of this kind of formula. 

The above law, now expressed mathematically, is 
nothing else than the most general form of the law of 

I mass-action which was propounded by Wenzel more 
than a hundred yeai's ago, and according to which the 
chemical action of any substance ia proportional to its 
acting mass or concentration. The law may now be 
considered aa being of general application, seeing that 
it has been abundantly verified in a great variety of 
ways, more especially within the last few years. 
Certain exceptions, which for a time seemed to stand 
in its way, have been brought into thorough conformity 
with it by the dissociation theory and the consequent 
treatment of ions as separate chemical individuals. 
The theory of electrolytic dissociation or ionisation has 
thus been instrumental here also in filling up what has 
hitherto been a gap in the system of theoretical chemistry. 
. The one limitation to which the ions are subject in 
I virtue of their freedom is that positive and negative 
I ions must always be present in equivalent quantities 
" throughout. This limitation does not need to be 
expressly specified in the formuhe ; they merely give a 
relation between the concentrations of the different 
ions, and this usually finds its expression in the co- 
efficients of those concentrations. 
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7. Applications 

The application of the theory of homogeneous 
equilibrium to the condition of dissolved electrolyte^ 
is one of the most important to which it has been put'. 
In solutions of this kind a state of equilibrium subsist^, 
between the ions of the electrolyte and the non-disj* 
sociated portion, which can be expressed by the abovi 
formula ; the correctness of the formula in its widest 
extent has also been proved and corroborated by the 
independent measurement of this condition. 

To take the simplest possible case, if we have a 
binary electrolyte C, which can break up into the ions 
A* and B', and if a, 6, and c represent the concentra- 
tions of these three constituents in a given solution, 
then the following simple formula holds good — 

ah = kc. 

Now the two kinds of ions are produced in equiva- 
lent quantities in the above case, hence a = K If, 
further, the total amount of the electrolyte = 1, and 

a represents the ionised portion, then a = b = - 



a 

V 



and c = , V being the volume of the solution in 

V 

which unit quantity (a molecular weight in grammes) 
of the electrolyte is contained. By carrying out the 
substitution we get the formula 



a2 



{I -a) 



= kv, 



which expresses the state of ionisation of an electro- 
lyte at the dilution v. 
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We gather from this formula tliat a niust become 
larger aa the dilution v increases ; when that dilution 
becomes iufinitely great, then 1 — tt=0, or a=l, 
ie. the electrolyte is completely ionised. On the 
other hand, the value of a becomes very small when 
V approximates to nothing, i.c. at maximum concentra- 
tion there la minimum of ionisation. For the rest, 
the state of ionisation at a given dilution v depends 
upon the value of the constant k. This is very high 
and much the same for all neutral salts, but it varies 
enormously in the case of acids, being high for strong 
acids and low for weak. 

The differences in the degree of ionisation of the 
various acids become less and less marked with in- 
creasing dilution of their solutious, whence it follows 
that infinitely dilute solutions of different acids possess 
the same strength, because the acid in them is com- 
pletely ionised. And. the same applies to bases, 
which also show very considerable differences in the 
constant k. 



8. Complex Dissociation 

The ions of salts are by no means to be r 
as absolutely stable compounds ; on the contrary, they 
may readily and in various ways undergo hydrolysis, 
or ordinary or electrolytic dissociation. Thus the 
metallo- ammonium ions,^ for example, usually dissociate 
more or less into metallic ion and free ammonia, and 
the complex ion Ag (CN')g of potassium-silver cyanide 
is dissociated electrolytically into Ag* and 2CN', etc, 
etc. The laws governing those dissociations are 
precisely the same as hold good for the forms of 
' eg. Ag4NH3, eto. 
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chemical equilibrium which have been abeady discussed, 
and therefore require no further explanation. We must, 
however, be careful to bear well in mind the possibility 
of such changes, if we wish to thoroughly understand 
the ofttimes complicated play of chemical equilibrium. 



9. Ch'odical Dissociation 

In the dissociation of electrolytes, which are made 
up of ions of unequal valency, e.g. of the dibasic acid, 
HgA, one would be inclined to assume the validity of 
the following reaction — 

HoAz2H- + A", 
whence would follow an equation of the form — 

at^ = Jcc. 

But experience shows that this is not the case. 

The dibasic acids really dissociate according to the 

formula — 

UgAzH' + HA', 

and the resulting monovalent ion itself experiences 
the further dissociation — 

HA'zH- + A"; 

the dissociation-constant of this second reaction being 
in every case very much smaller than that of the first. 
It follows from this that the various hydrogen 
atoms of a polybasic acid have different values as 
regards the " strength " of the latter ; the first atom of 
hydrogen will always be that of a stronger acid than 
the second, while the third and fourth, etc., will follow 
in the same order. 
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1 0. Several Electrolytes together 

The same equilibrium - fonnul a suffices for the 
reciprocal action of several electrolytes present in tlie 
same solution together; a few important cases of this 
will be instanced here. 

Two neutral salts exert almost no action upon one 
another, because both they themselves and the possibly- 
resultant new salts produced by their double decom- 
position are all strongly ionised, and the ions remaiu 
substantially in their original condition. Thus, a solu- 
tion of potassic chloride consists chiefly of the ions 
K' and CI', and one of sodic nitrate of the ions Na' 
and NO./, and these conditions are not altered by 
mixing the one solution with the other. Further, this 
resulting solution is necessarily identical with one 
made from corresponding quantities of sodic chloride 
and potassic nitrate, seeing that the former contains 
the same ions in the same free state as the latter. 

An action takes place, however, if the ions jiresent 
are capable of uniting to form one or more compounds, 
which are either not dissociated at all (pi'actically 
speaking) or only slightly so under the existing con- 
ditiona The constant k has then a small value ; in 
the equation 

a and i (the concentrations of the ion.?) must therefore 
become greatly reduced, while c (the concentration of 
the non-dissociated portion) must grow correspondingly 
until the equation is fulfilled. By bringing in the 
dissociation factor a, we then get 
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the value of v beiug constaut, and k and a being Ijoth low, 
the amount of electrolytic dissociation must be small. 

The reaction thus results in the more or less com- 
plete disappearance of the ions of the electrolyte, which 
hfi3 a HiTiall constant /:, going as they do to build up 
the n on -ionised portion. 

The moat characteristic case of such an interaction 
is tile neutralisation of an acid by a base. An acid 
contains an anion and hydrogen, H", while in a base 
we have a cathion and hydroxyl, OH'; water, the 
compound of hydrogen and hydroxyl, is ionised to 
but a very alight extent, and must therefore be formed 
as soon as its two constituent ions meet in any liquid. 
Hence it follows that when solutions of acids and 
bases are mixed together we get an energetic inter- 
action, the hydrogen and hydroxyl ions uniting to 
form water, while the two other ions of the resulting 
salt remain in the solution in the free state. 

We get the same kind of phenomenon upon adding 
a strong acid to the salt of a weak one. As has been 
mentioned already, neutral salts are all ionised to 
about the same extent, however strong or weak their 
acid may be. The solution of a salt of a weak acid 
therefore contains for the most part free ions only ; 
when to this solution there is added a strong acid, 
which is likewise almost completely ionised, the anions 
of the salt unite with the hydrogen of the acid 
to form a second acid which is but little ionised, 
seeing that we have started with the salt of a weak 
acid, i.e. of one which uudei^oes only slight lonisation. 
At the same time the anion of the added (strong) acid 
remains along with the cathion of the original salt ; in 
other words, the solution now contains tlie (ions of the) 
salt formed by the production of the weak by means of 
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tlic! strong acid. The reul eugeiideriiig cause of the 
roactiou is thu3 not what has hitherto heen supposed, 
i.e. it does not lie in the " attraction " of the stronger 
acid for the metal, but in the tendency of the ions of 
the weak acid to pass into the non-ionisable condition. 

The above reaction is not carried out with such 
completeness as the formation of water on neutral- 
isation, because even weak acids are always more 
ionised than water ; the " espulstou " is always less 
perfect the more strongly the newly formed acid is 
ionised. Shoidd the latter be ionisable to the same 
extent as the added acid, nothing of course will take 
place. 

Precisely the same considerations hold good for the 
action of a sti-ong base upon the salt of a weak one. 
What occurs when one or other of the s 
sparingly soluble will be explained later on. 



1 1 . Acids aTid their own Salts 

Considerable action goes on in a case where it was 
not formerly suspected, viz. on mixing solutions of 
salts and acids containing the same anions, or — to put 
it generally — when two electrolytes with a common 
ion meet in solution. 

If both electrolytes are equally dissociated there is 
of course no action of any consequence, but the case is 
dili'erent when a slightly dissociated electrolyte, e.y, a 
weak acid, meets with a strongly dissociated one con- 
taining the same ion, i.e. with a salt of the acid in 
question. The result is that there is always a more or 
less marked retrogression in the dissociation of the 
weak electrolyte. From this the rule follows that 
moderately strong or weak acids act much more feebly 
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in presence of their own neutral salts than they do ia 
the pure state, equal concentration and acidity being 
of course taken for granted. 

To understand tliis we have only to remember that 
tlie state of equilibritun of the partially ionised acid 
is given by the equation 



iri -which a is the concentration of the anion, b that of 
the cathion (hydrogen in this case), and c that of the 
non-ionised portion ; c being large in comparison with 
« and b in the case of weak acids. If a neutral 
salt of the same acid — containing the same anion— be 
now added, a will become greatly increased, while b 
must be lessened in almost the same ratio, since c can 
be only slightly augmented, from the fact of the greater 
part of the acid being already present in the non- 
ionised state. The hydrogen ions therefore diminish 
materially. Now it is precisely upon the concentration 
of the hydrogen ions that the cliaracteristic reactions of 
acids depend. The more of the neutral salt therefore 
that is added to them, the more are those reactions 
weakened ; and {what follows likewise from the above 
considerations) tlie effect is the more marked the 
weaker the acid. 

These conditions are of very frequent occurrence in 
analysis, especially in those cases where an acid reaction 
but the least possible acid action is desired. In such 
casea (e.ff. in the precipitation of zinc by sulphuretted 
hydrogen), if the solution contains a strong acid like 
hydrochloric, it is usual to add to it an excess of 
sodium acetate. In tliis way we not merely substitute 
the slightly ionised acetic for the strongly ionised 
hydrochloric acid, but there is the further effect- — ^that 



i 
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the ionisatiou of tlie aeetic acid itself is lowered to a 
very considerable extent. Such an addition as this 
has also the result of yielding a liquid which behaves 
almost as if it were neutral, although it has an acid 
reaction ; and it retains this approximate neutrality 
even although a free strong acid continues to be 
liberated, by the action of the sulphuretted hydrogen 
in the example just cited. For this (strong) acid 
undergoes instant trans formation, as shown above, and 
thus the concentration of the few hydrogen iona ia 
only increased in relatively very slight degree. 

Considerations of the same kind present themselves 
when a weak base and one of its neutral salts are 
present together in the same solution. The reciprocal 
action betweeu a strong acid (or base) and a weak one 
likewise falls under the same category, the ionisation 
of the weaker constituent being always lowered. Such 
cases occur less frequently, however, in actual a 



12. Hydrolysis 

Although water is extremely undissociable, recent 
investigations have proved that it is in fact broken up 
to a certaiu definite extent into hydrogen and hydroxyl 
ions, and the amount of this dissociation or ionisation 
has been meaaured. It has thus been shown that 
water contains a gramme-equivalent of ita ions in a 
million litres approximately. 

In consequence of this the process of neutralisation, 
described on p. 63, does not complete itself absolutely, 
but as many liydrogen and hydroxyl ions remain un- 
combined as are normally present in water. This 
residue — as already seen — is extremely small, and may 
be neglected in most cases. Still there are conditions 
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posaiblii iiiKlei- wliicli this trifling quniitity exercises a 
ineasuralile effect, and those occur when the acid or 
the Ijaae or both of these are very slightly ioniaable 
or very weak. 

According to the laws of chemical equilibrium, 
therefore, the effect of the presence oE hydrogen ions 
in the solution of a neutral salt is that not mei-ely the 
free anions of the salt, but also a corresponding quitutity 
of non-ionised acid molecules are present, in accord- 
ance with the formula ab — hc. If now k has a high 
value, as iu the case of strong acids, c is very small, 
seeing that h — -the concentration of the hydrogen ions 
— is small. If on the contrary i has a low value, c — 
the concentration of the non-ionised portion of the 
acid — increases correspondingly, and approximates to k 
ill its numerical value in the ionisation constant of 
water ; c thus becomes measurable, i.e. the presence of 
non- ionised acid iu a solution of its neutral salt 
becomes possible. Cyanide of potassium may be 
taken as an instance of this ; hydrocyanic acid has 
an extremely small ionisation-constant, and an aqueous 
solution of potassium cyanide therefore contains a 
measurable quantity of the non-ionised acid, as we 
can readily perceive from the odour. 

Another thing which is characteristic of such salts 
is their alkaline reaction. Tlie latter depends upon 
the presence of hydroxyl ions, and, in order that it 
may be noticeable, the concentration of these ions 
must reach beyond a given point, which varies with 
the sensitiveness of the indicator used. Now we have 
just seen that, in the case of salts of weak acids, a 
certain quantity of uon - ionised acid results, the 
requisite hydrogen for which is taken from the water. 
And since in water, which is a substance of constant 
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concentratioD, the product of the coucentnitions of the 
hydroxy] and hydrogen ions must have a eonstaiit 
value (according to the law of equilibrium), if the 
concentration of the latter is diminished to the Mtli 
part, that of the former must grow 7i-time3, and thus 
become measurable when ?t is a large number. 

Exactly the same considerations apply to salts of 
weak bases. These will have an acid reaction, 
and the presence of noii- ionised base will be re- 
cognisable. 

Should both acid and base be weak, the processes 
which have just been explained will nmtually support 
one another, in the sense that appreciable quantities of 
non-ionised acid and base will result ; the production 
of an excess of hydroxyl and hydrogen ions ■will 
on the otlier hand be diminished, since the cathions 
of the base will use up the one, and the anions of the 
acid the other. 



13. Heterogeneous EguUihriuTn ; Law of DistrUmtion 

If the structure in which equilibrium obtains is 
divided into several portions by surfaces of separation, 
the law holds that — in tvm conti^tious spaces or phases, 
the concentrations of cock substance, which is present in 
both, ^accs, miist bear a constant ratio. If a! be the 
concentration of a substance A in the first space, and 
a" the concentration in the second, then 



k being a coefficient depending upon the nature of the 
substance and the temperature. 




LAW OF DISTRIBUTION B» 

Similar equations are to l>e set up for each cou- 
atitueut preseut. Here, again, we have to bear in miml 
that ions are to be treated as separate entities ; and, 
furtlier, diU'ereiit modifications of the satii 
are to be regarded as different substances. 

"What has been said with respect to the i 
law applies also to this one ; it is a law limited to 
dilute solutions or gases, the concentration function for 
strong solutions being unknown. 

Particular cases of this law have already been 
dealt with. Thus the law of absorption oE gases (p. 30) 
is one of these, as can be seen on comparing the two 
formula;. The law of the soluljUity of solids in liquids 
and the law of vapour pressure also belong to the same 
category. In both of these cases the state of the hody 
in one of the two phases remains the same throughout ; 
the solid in contact with its solution and the liquid in 
contact with its vapour alter indeed in amount but 
not in condition, and therefore what we term their 
concentrations remain unchanged also. One of the 
two factors a' or a thus continues constant in 
the equation, and the other must necessarily remain 
constant also ; hence we have for each substance a 
certain definite solubility and definite vapour pressure, 
depending upon the nature of the substance and the 
temperature, but not upon the amount of liuid or 
solid and the volume of vapour dealt with. 

The same state of things also frequently occurs in the 
case of homogeneous equilibrium. It is therefore con- 
venient to draw a distinction between dvdRs of conslant 
concentraiion and states of variable concentration. Solids 
possess constant concentrations, and also simple liquids 
(not mixtures of liquids) ; gases and dissolved sub- 
stances show variable concentrations. We may also 



rank among substances of approximately coi^tant 
concentratiou such constituents of liL^uid or gaseous 
mixtures as axe present in very large amount compared 
with the others ; true, in the course of a reaction 
their concentration alters, but this alteration ia the 
less the more they preponderate over the other con- 
stituents, and they may thus be looked upon in many 
cases as being practically pure substances. 

Tliese two simple laws of mass - action and of 
distribution embrace in principle all the phenomena 
of chemical (including physical) equilibrium. There 
will be frequent opportunity in what follows of this 
book to elucidate the abstract theory by investigating 
particular cases, 

§3, THE COURSE OF CHEMICAL REACTIONS 
1 4. The Vdociiy of Emction 

111 addition to having a knowledge of the laws of 
chemical equilibrium, it is necessary that the analyst 
should be able to follow the progress of chemical 
reactions as welL I'or, although most of the analj'tical 
methods in vogue are ion -reactions, which complete 
themselves in an immeasurably short space of time, 
there are certain processes which do not come into 
this category, and which we cannot criticise without 
having the above information. 

A similar expression to that given for equilibrium 
holds good for the velocity of a reaction, since the 
state of equilibrium may be defined as that state in 
which the velocities of opposing reactions are equal. 
In other words, the velocity of a reaction is directly 
proportional to the concentration of each reacting 
constituent ; if several molecules of a substance are 
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taking part, the concentration of the latter is to be 
raised to the corresponding power. By the velocity 
of reaction is to be understood the ratio between the 
transformed substances and the time required for 
transforming them. The amounts of the substances 
are to be calculated here, as always, in units of molecu- 
lar and not of absolute weight. 

The different cases of course of reaction, arranged 
according to the number of reacting substances, and 
according to the original ratio of their amounts, have 
this in common — that they begin with their greatest 
velocity-value, and that the velocity becomes less and 
less as the reaction proceeds. They all lead to the 
theoretical result — that the reaction is only complete 
after an infinite length of time. But for practical 
purposes we may apply the rule that any residual 
action may be regarded as non-measurable, after ten 
times the period which is required to complete the 
first half of the reaction. 



15. Influence of Temperature 

Temperature has an extraordinarily marked etfect 
upon the velocity of chemical reactions ; in the 
instances where measurements have been made the 
velocity has doubled itself with a rise of a few degrees 
of temperature. In every case of slow chemical 
reaction the end will be reached far more quickly 
with the aid of heat. 



16. Catalysis 

There are cases in which certain substances exercise 
quite an exceptional influence upon velocity of re- 



actioD, although they appear to take no part in the 
process itself; such actions are termed catalytic, and 
the substances in question catalysers. Besides specific 
catalysera, effective iu certain definite reactions {eg. 
the salts of iron in oxidations and reductions), the acids 
may be looked upon as general catalysers. We may 
state it as a law that slow reactious are invariably 
hastened by the presence of acids {assuming that the 
latter form no chemical compounds with the reacting 
substances), and this effect is proportional to the 
" strength " of the acids, or — to speak more correctly — 
proportional to the concentration of the free hydrogen 
ions in the hquid, For example, the converaioTi of 
pyro- or meta-phosplioric acid in aqueous solution into 
the ortho - variety is immensely facilitated by the 
presence of nitric or hydrochloric acid, while the 
slightly ionisable acetic acid is almost without effect. 

Catalytic actions are also known among gases ; here, 
however, they are often induced by chemically indiffer- 
ent substances possessing a large superficies, and are 
thus more of a mechanical nature. Finely divided 
platinum or palladium has a wonderful effect in 
quickening processes of combustion. 



1 7. Jlderof/eneoits Slrudures 

The foregoing remarks apply 1 
structures. In heterogeneous the velocity of reaction 
is further dependent upon the extent of the contact 
surface. Since the reaction only takes place at the 
contact surface itself, wliere the velocity rapidly 
diminishes on account of saturation, a thorough 
mechanical mixing of the whole reacting mass is 
necessary to hasten the process, care being of course 
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taken to ensure the greatest possible extent of surface 
at the com men cement, cither by powdering or other 
suitable means. 



§4. PKECIPITATION 



18, General Consideratiovs 



It has been already mentioned at a previous stage 
that, of the possible combinations of states of aggi'ega- 
tion for separating substances from one another, the 
solid-liquid is the easiest to manage and also the most 
perfect for practical purposes. Our preparatory 
chemical measures are therefore mainly directed to 
bringing this combiuatiou about, and precipitation is one 
of the most common procedures in chemical analysis. 

Precipitation follows when the constituents of some 
substance, wliich is iiot completely soluble under the 
circumstances, come together in solution. Each 
precipitation is thns preceded by a state of super- 
saturation, and after it is complete the liquid is 
saturated with respect to the precipitated solid, i.e. it 
is in equilibrium with the latter. As a matter of fact 
no precipitation is ever perfect, and it is therefore the 
aim of the analyst to reduce the amount of dissolved 
residue to the miuimuni. 



L 



19. Super-saturation 

When a solution contains more of a solid or of its 
constituents than accords with the state of equilibrium, 
it is said to be super-saturated as regards that solid, 
The deposition of the latter from such a solution need 
not follow so long as there is no trace of the substance 



f 
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present in the solid form, aod we can thiia often keep 
a super-saturated solution for an indefinite period, if 
care be taken to prevent any such contact Should, 
however, some of the solid be present, precipitation 
must necessarily go on until equilibrium is established. 
But, as this ensues only on the contact surfaces 
between the solid and the solutiou, it is possible even 
under those circumstances to I'ctain the state of super- 
saturation for a long. time, provided that the contact sur- 
face is small and that mechanical movement is avoided. 

On the other haud, deposition may come about in 
a super -saturated solution without any of the solid 
being present. And this occurs the more easily and 
surely the greater is the ratio hetween the momentary 
concentration and the final concentration corresponding 
to' equilibrium. Deposition is further often promoted 
by vjgor()US shaking, stirring, etc. 

It follows that — under otherwise similar conditions 
— super-saturation is easier to bring about, the more 
soluble tlie solid is. The three sulphates of barium, 
strontium and calcium furnish a good instance of this ; 
wliile the precipitation of tlie first of these salts is 
almost instautaneons, even from very dilute solutions, 
that of the second requires a measurable time, and in 
the case of sidjjhate of calcium a moderate super-satura- 
tion may last for weeks and months. It is, however, 
obvious that the special nature of the substance exerts 
an influence here, thus causing certain compounds to 
show tl pben n na of super-saturation very readily, 
while w tl oth t very hard to get them. 

Tlie m t ff t way of ending a state of snper- 
saturat u to shal e the solution thoroughly with 
some fra m nts f th solid in question, or to continue 
stirring f a 1 n t mo after a precipitate has once 



formed. Speaking generally, tliis putting an end to 
auper-aaturation is a time-])iienomenon of tlie general 
character described on pp. 70-72. 






20. The SolulUity-I'rodvd 



It is only in very rare taaes that precipitates 

rined in analysis can be redissolved in the un- 
altered state. On the contrary, they are almost 
without exception electrolytic in their nature, and 
their aqueous solutions contain mainly the ions of 
the compound, together with a very small portion of 
non-ionised salt Since we are dealing here with 
very difficultly soluble suhstances, we may always regard 
their solutions as — for practical purposes — completely 
ionised. 

In order therefore to ensure the fullest practicable 
separation of his precipitate, the analyst has to 
estahlish such a condition in the solution tliat the 
latter shall dissolve the precipitate to the least possible 
extent. In the case of unaltered soluble or indifferent 
substances {6,if. sugar), this is achieved on tlie one hand 
by lowering the temperature, and on the other by the 
addition to the solution of something wliicli serves to 
diminish its solvent action, i.e. of some substance in 
which the solid is even less soluble than in the main con- 
stituent of the liquid. We can in this way, for example, 
separate many organic compounds from solution in 
ether by adding petroleum, or reain from solution in 
alcohol by adding water. 

When the precipitate is an electrolyte, we have a 
very perfect means at command for diminishing its 
solubility, viz. hy the additi<m of another • 
which lias an ion in common with the precipitate. 
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Id the saturated aqueous solution of an electrolyte 
we have a complex equilihrium. On the one hand the 
solid is in equilibrium with the non-ionised portion 
of itself wliich is in solution, while on the other this non- 
ionised portion is in equilibrium with the dissociated 
part, i.e. with the ions of the same suhstance. The 
first equilihrium comes under tlie law of proportional 
concentration, or, since we are dealing here with a 
snbstance of unalterable concentration on the one 
hand, the concentration of the non-ionisod portion 
in the solution must have a perfectly definite value. 
For the second equilibrium we have in the simplest 
case, i.c. when the ions of the compound are mono- 
valent — 

(ib = l-c, 

II and b representing the concentrations of the ions 
and e the concentration of the non-ionised portion 
(see p. 59). 

Now since c is constant at a given temperature, 
as we have already seen, Ac and therefore ab must 
be constant also. Equilibrium is thus established 
between a pi-ecipitate and the liquid above it when 
the product of the concentrations of the two ions, into 
wiiich the precipitate falls, has a definite value. This 
product may be termed the soli'MHty-product for the 
sake of brevity. 

If the electrolyte consists of polyvalent ions in the 
proportion mAiJiB, the sohibility-produet takes the 
formr 



( anp liquid tlte solubilily-pivdiwt of a 
ihe liquid is super - satttraled with 
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reject to that solid ; but wltetiever the sohdnlity-prodiict 
is not yet reached, the liquid excHs a solvent actioti ujxm 
the solid. Tlie whole theory of precipitates is com- 
prised in these ainiple laws, aud all the accompanying 
pheuomena — tlie diminution as well as the so-called 
abnormal increase in solubility — can not merely be 
explained by their aid, biit can be predicted when the 
conditions are given. 

In considering the application of the law with 
respect to the completeness of the precipitation of 
any given substance, we have to remember that the 
analyst's task is always to separate a definite ion. 
Thus a precipitate of barium sulphate ia produced 
with the object of determining either the sulphuric 
acid ion, SO^", or the barium ion, B«*", precipitation 
being brought about in the first case by adding a 
barium salt, aud in the second by adding a sulphate. 
Let us consider the former. If we add exactly the 
equivalent in barium salt of the SO^" present, some of 
the latter remains in solution — as much, namely, as 
will yield the solubility- product of barium sulphate 
with the Ba" ions which are also present. But if 
more barium salt be now added, the corresponding 
factor of the product 'will be increased ; the other 
must therefore become smaller, and some more sulphate 
will be thrown down. Further addition of barium 
salt increases the effect stiU more, but the quantity of 
SO^" ions can never be reduced to zero, since it is 
impossible to make the concentration of the Ba*" ions 
infinitely great 

This puts U3 in a position to appreciate the old- 
established rule, always to use an excess of precipitant 
But a further rule follows from the above considerations 
also, viz. that this excess must always be greater, the 
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more soluble the precipitate is. For, in order to reduce 
the concent I'atiou of the preeipifcable ion to the mth part 
of that which it has in the pure aqueous solutiou of 
the precipitate, n-tiraes the quantity of the other ion 
are required ; the amount of the latter must thua be 
increased in that proportion. li', therefore, we set 
ourselves to reduce the solubility down to a given 
absolute amount of the precipitable ions, the concentra- 
tion of the precipitating ions must be multiplied by 
the ratio of the two solubility-products, in order that 
the end may be attained. 

fu the ease of most precipitates a moderate excess 
of precipitant is suf&eient for the purpose. Of course, 
if a precipitate is to be of any use for analytical 
purposes, it must have a small solubility-product. 

What holds good for the throwing dowu of a 
precipitate also retains its significance for the washing 
of tlie latter. If the precipitate should be appreciably 
soluble in pure water, loss can be avoided by washing 
with a solution contuiniug an ion in common with the 
precipitate. Thus sulphate of lead is better washed 
with dilute sulphuric acid than with pure water, and 
mercnrona chromate with a solution of the nitrate. 
For obvious reasons these wash-liquids are most con- 
veniently made of a dilute solution of tlie precipitant ; 
tliey are so chosen as to cause the least possible 
inconvenience in the subsequent treatment of the 
precipitate. 

21. Some Pncipitation-Readions 

Precipitation always follows in a liquid, iu accord- 
ance with the above laws, when ions which belong to 
a spbstance of less solubility or of small solubility- 
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product meet in a liquirl. The relations are simplest 
in the case of neutral salts, -wliich- — m already stated 
on p. 49 — are strongly ionised to about the same 
extent more or less. It is thus sufficient to bring 
together two salts, each of whicli contains one of the 
ions in question alongside of any other; cj. a neutral 
barinm salt yields a precipitate of barium sulphate 
with any neutral sulphate. 

Tlie relations are more complex when acids or 
bases come into play, since in their case we may have 
any degree of ionisation, from the strongest to the 
weakest, whereby the conditions may be such that 
there is no precipitation at all, although this takes 
place when solutions of the eon'esponding neutral salts 
are employed. Thus calcium salts are thrown down 
by all carbonates, while free carbonic acid has no effect 
upon tlieni. Tliis arises from the soluble carbonate 
being ionised normally; if a solution of the latter 
is added to a solution of a calcium salt, the product of 
the concentrations of the carbonic acid and calcium 
ions is far greater than the solubility-product of calcic 
carbonate, and precipitation ensues. On the other 
hand, carbonic being an excessively weak acid, its 
aqueous solution contains only a minute proportion of 
carbonic acid ions j and thus, notwithstanding the 
abundance of calcium ions, the critical value of 
the solubility -product is never reached, and conse- 
quently no precipitate of calcium carbonate can 
form. 

The case of lead salts is somewhat more complicated. 
Carbonate of lead is less soluble than carbonate of 
calcium, and therefore when carbon dioxide is led 
into a moderately concentrated solution of a lead salt, 
the value of the solubility-product is reached, in spite 
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of the small ioniaation of carbonic acid into CO," 
and 2H*; hence precipitation ensues. Tliis c 
the disappearance of Pb' ' ions on the one hand and of ] 
COg" ions on the other, while there remain the hydrogE 
ions from the ionised carbonic acid and the anions 
of tlie lead salt^SNO^' if lead nitrate is used — i.t. 
free nitric acid ia produced. If the reaction is carried 
further, the concentration of the latter, i.e. of the 
hydrogen ions, increases ; these hinder the ionisation 
of the carbonic acid (cf. p. 62), so that a point is 
ultimately reached at wliich no more carbonic acid 
iona can be formed, and consequently no more carbonate 
of lead precipitated. 

It depends upon the anion of the lead salt to 
what extent the reaction goes on. If it is one of a 
strong acid, the hydrogen ions remain in that state, 
and soon attain to the critical concentration. If, on 
the contrary, it ia one of a weak acid, then the 
hydrogen ions unite in greater or less degree with 
those anions to non-ionisable acid, and the decom- 
position goes much further. Tlius acetate of lead ia 
precipitated by carbonic acid to the extent of two-thirds, 
while the nitrate is only just affected. 

If some strong acid be added beforehand to the 
solution of lead salt, precipitation will be altogether 
prevented, since the presence of the hydrogen ions will 
atop the carbonic acid from dissociating far enough to 
yield tlie value of the solubility-product with the lead 
ions. On the other hand, the decomposition of a solution 
of lead acetate can be materially increased by adding 
another soluble acetate to it. This increases the 
acetic acid anions, which are tlnia enabled to bind 
far more of the liberated hydrogen anions to non- 
ionised acetic acid, before these latter reach their 
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critical concentration and thus prevent the iouisation 
of the carbonic acid, and with this the precipitation of 
carbonate of lead. 

Precisely similar conditions apply to the precipita- 
tion of metallic salta by sulphuretted hydrogen, which 
is such an important pracedure in analysis. As tliia 
will be discussed in detail in the special part of the 
book, no further reference need be made to it here. 

The conditions whicli regulate the differences in 
the action of basic precipitauta are likewise the same. 
The stmngly ionised caustic potash precipitates all 
the sparingly soluble liydroxides, while the slightly 
ionised ammonia can only bring down the weakly 
basic among tbem; the latter, for example, cannot 
precipitate the hydro-fide — sparingly soluble though it 
is — from calcium salts. 



22. The Ihdissijlving of PrcdpUatcB 

The laws governing the solubility -product also 
furnish us with a complete answer to the q^uery— 
What are the conditions under which precipitates 
hecome soluble again ? We may expect that every 
cause which diminishes or practically eliminates one 
of the substances from the solution (i.e. one of the 
ions or the non-ionised portion) must increase the 
solubility of the precipitate. And it is the fact that 
when a substance producing this effect is addeil, so 
much of the precipitate goes into solution as allows 
of the product regaining its original definite value. 

The simplest and most common case in point is the 
solution of an " insoluble " base in an acid. Wlien, 
for example, magnesium oxide is rubbed up with 
water, it forms a solution containing the ions of 
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magnesium and hydroxyl, together with a very small < 
quantity of nou- ionised hydroxide. If an acid I 
like hydiBcMoi'lc is now added, whose solution i 
sists substantially of hydrogen and clilorine ions, the I 
hydrogen and hydroxyl ions immediately join together 
to form water. ^ The- product of magnesium and 
hydroxyl ^ therefore becomes too small, and more 
magnesia passes into solution, the process repeating 
itself continuously. This goes on until all tlie , 
hydrogen ions of the hydrochloric acid are used up ; , 
in the solutiou we find the corresponding quantity of ] 
magnesium ions together with the unaltered chlorine ' 
ions, i.e. magnesium chloride. Less magnesium 
hydroxide naturally dissolves in the solution of this ' 
salt than iu pure water, since there is now a large ' 
excess of magnesium ions present. 

The action of a soluble base upon a sparingly 
soluble salt, with which it unites to form one easily 
soluble, is explicable in exactly the same way. 

The action, too, of acids upon many difficultly 
soluble neutral salts is dependent upon the same 
causes. When, for iostance, hydrochloric acid acts 
upon calcic phosphate, the ion of the phosphoric acid 
present in solution unites with the hydrogen of the 
hydrochloric acid to form nun- ionised phosphoric 
acid for the most part, the latter being much less 
ionisable than the halogen acid. Phosphoric acid 
ions thus disappear, and new calcium phosphate must 
go into solution, and so on. This case differs, how- 



>. 66, water is only ionisable 
B therefore alwiiys jiroduoed 



' Aa has heeo mentioued already oi 
to an excoptiooftlly slight oxtcut, and ; 
when hydrogen and hjdroijl ions nice 

' Strictly speaking, the prodnot of the roagnesiuni and Ihe square 
of the hydroxyl, the formula being — 

Mg(OH)aZMg" + 20H'. 
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ever, from the preceding one in that the hydrochloric 
acid cannot dissolve quite its equivalent of calcium 
phosphate. For, since the phosphoric acid ionises 
of itself, albeit to a far less extent than the hydro- 
chloric, its anions are not so completely used up as 
those of hydroxyl were in the former case, but ac- 
cumulate the more in the solution, the more hydrogen 
ions of the hydrochloric acid have been already 
consumed. It is ultimately present in such large 
quantity as to give with the augmented calcium ions 
the critical value of the product, when the solvent 
action of the hydrochloric acid ceases, although free 
hydrogen ions are still there. 

It is thus obvious that an essential condition of 
the reaction consists in the resulting acid being but 
slightly, ionisable. In other words, only sparingly 
soluble salts of weak acids, and not salts of strong ones, 
are dissolved by strong acids. This deduction is 
completely confirmed by experience ; the halogen 
compounds of silver, the sulphates of barium and lead 
and other compounds of strong acids are insoluble in 
dilute acids, even when the latter are among the 
strongest known and form soluble salts with the 
metals of the precipitates in question. On the other 
hand, all salts of the weaker acids are soluble in strong 
acids, and this the more, ceteris parihis, the weaker 
the acid is. Thus, most of the phosphates dissolve 
readily in acetic acid, while the oxalates — as salts of 
a stronger acid — dissolve but sparingly, although 
readily in hydrochloric acid. Since, however, the 
solubility of precipitates depends not merely upon 
this, but also upon the numerical value of the solu- 
bility-product, the subject is more complex than one 
would expect from what has just been said. 
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Exactly the same considerations apjjly to the | 
eolutiou of insoluble salts of weak soluble bases iu' i 
strong bases ; such instances are, however, not of ! 
common occurrence. 

The cases which have beeu discussed above i 
not the only ones in which insoluble precipitates are ■ 
brought into solution by reagents, for the iona of these 
may experience other fates than transfoniiation into 
water or into non-iouised acids or hases. Every 
reaction which tends to diminish the number of free 
ions produces a like eifect^ A few phenomena in point 
ivill therefore he taken now in order that we may get 
a general idea of the subject ; all the more important 
analytical reactions of this kind will be considered in 
detail in the special part of the book. 

Alumina dissolves readily in alkalies, but is very 
slightly soluble in water. The aqueous solution 
contains the ions Al " * and 8 (OH)', and the pre- 
cipitate is in equilibrium with these as well as 
with the non-ionised dissolved aluminium hydroxide. 
On the addition of potash the latter changes into 
potasaic aluminate, AlO^K^, whose ions are AlO^"' 
and 3K', and a part of the suspended alumina must 
dissolve (in water) in order that the equdihrium may 
be re-estabhahed. This aqueous solution is in its turn 
attacked by potash, and the interactions go on repeat- 
ing themselves until the j)otash is no longer capable 
of transforming more aluminium hydroxide into 
aluminate. The action in this case thus depends upon 
the conversion of the cathion Al ' " " into the anion 
AlOg'", and the loss of the former as regards the 
equilibrium. 

The solvent action of ammonia ujion the salts of 
copper, silver, nickel, etc., is still simpler. In the first. 
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place the hydroxide in question is precipitated (as 
given on p. 81). On further addition of precipitant 
the metallic ion unites with the excess of ammonia to 
form a compound ion of the general foimula M(NHjj)^; 
the equilibrium is disturbed by the disappearance of 
the metallic ion, hence new hydroxide goes into 
solution, the metallic ion of which is in its turn used 
up, and so on. 

The solubility of many otherwise insoluble metallic 
compounds in cyanide of potassium can be explained 
in the same way. Thus ferrous hydroxide acts upon 
potassic cyanide to form the ferrocyauide and free 
potash — 

Fe(0H)2 + 6KCN = K4Fe(CN)^j + 2K0H. 

The reaction is that the ferrous ion unites with the 
6 ON to the anion of ferrocyauide of potassium, so that 
as the ferrous hydroxide passes into solution it is 
immediately taken up, and more of it must go on 
dissolving until the amount corresponding to the 
formula has been converted. The solution contains 
no ferrous ion demonstrable by analysis, for it gives 
none of the reactions which are characteristic of 
ferrous salts. 

Further cases will be considered in the special 
part of the book. 

§ 5. REACTIONS ATTENDED WITH THE LIBERATION 

OR ABSORPTION OF GAS 

23. The Liberation of Gas 

The second case of separation, i,e, the separation of 
liquids from gases, is much less frequent in analysis 
than precipitation. Two opposite procedures have to 
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he distinguished here, viz. either liquids aloi 
present, and one of them has to be converted into 
gas, or we have a mistttre of gases, one of which has 
to be transformed into liquid or solid. 

Por the liberation of a gas from a liquid, in which 
the former is present either actually or potentially, 
the laws of heterogeneoixs equilibrium apply just as in 
precipitation. Here, Itowever, we have not got the 
simplifying factor that came into the latter calculation, 
viz. that one of the substances possesses a constant 
concentration. True, bo long as a gas is pure and 
under a constant pressure (cj. that of the atmosphere), 
it may be looked iipon as being of constant concentra- 
tion, But when another gas in admixed with it, the 
concentration or the partial pressure can easily ba 
reduced to any value, and in this possibility there lies 
an important aid to analysis. 

The phenomena of super- saturation can be brought 
about very readily in solutions of gases, aa in those of ' 
solids ; if the super-saturation is only slight, it may 
last a long time, hut if considerable, it ends itself 
spontaneously, when we have effervescence taking 
place. The mode of putthig an end to it is to bring ■ 
the solution into contact with any gas, being thus of 
more general application than in the case of solutions 
of solids. When the super-saturated solution is thus 
in contact with some gas, the gas which is dissolved 
diffuses into this, and the process is the more rapid 
the greater the degree of super-saturation. Thus every 
bubble of gas in the liquid aids in the separation of 
fnrther gas. Practical use is made of this, in order 
to rid a liquid of the last portions of a gas which doea 
not escape spontaneously, by passing a current of 
some other iudifferent gas tlirough the solution. 
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The amount of gas which without this means of 
expulsion would otherwise remain in the solution is 
proportional to the pressure, the absorption-coefficient 
of the gas in the liquid (which diminishes as the 
temperature rises), and the volume of the latter. A 
spontaneous escape of gas or effervescence will thus 
only take place if the amount of gas in question is 
appreciably greater than what would be dissolved 
under the above conditions. It is therefore advisable, 
in those cases where only a little gas is to be looked 
for, to work with as concentrated solutions as possible 
and at a raised temperature. 

Gases which dissociate for the most pai*t into ions, 
when dissolved in water, cannot be expelled from 
moderately dilute solutions. The halogen hydracids 
are examples of this. In order to obtain such sub- 
stances in the form of gas, they must be generated 
under conditions which make the dissociation into ions 
impossible, or at least reduce this to its lowest limit ; 
and water, more especially, must be absent. The 
expulsion of hydrochloric acid gas from its aqueous 
solution by the addition of concentrated sulphuric acid 
(a method which one sometimes uses for purifying 
crude muriatic acid) depends upon the reproduction 
of non- ionised hydrogen chloride, as set forth on 
p. 65. 

In accordance with this, all those gases which can 
be completely expelled from their aqueous solutions 
are either indifferent in their nature, or, should they 
be acid or basic, they yield only weak acids and bases. 
Ammonia and sulphur dioxide stand approximately at 
the outside limits of these. This gives us a guide 
with respect to the conversion of any given substances 
into gases for purposes of separation — the resulting 
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gas must be as far as possiblo of an incliffcrcnt nature, 
for ions are not volatile. A slight ionisation makes 
this separation more difficult but not impossible. Por, 
although only the non-ionised part assumes the gaseous 
form and can thus be expelled, the diminution of this 
portion alters the ionisation-equilibrium continuously, 
in that fresh non-ionised substance is built up at 
the coat of the ions, until these finally disappear. 



24. lite AhsorpHon of Gas 

The reverse applies to the chemical absorption of 
a gas. We have to get it into the ionic state ; hence 
acid gases must be absorbed by alkaline liquids and 
basic gases by acid ones. To bring about the absorp- 
tion of an indifferent gas from a mixture is much 
harder, since all reactions iu which non-e!ectrolytea 
take part proceed more slowly than ion reactions. 
For the rest, the most thorough possible contact must 
be brought about, by one or other of the means which 
have been already detailed. 

The chemical absorption of a gas by a solid takes 
place under like conditions. The essential rCic of 
ions becomes apparent here from the fact that with 
absolutely dry substances the usual reactions between 
gases alone and between gases and solids generally 
remain in abeyance. It is not, however, necessary aa 
a rule to observe any particidar precautious in this 
respect in an analysis, siuce most substances attract 
sufficient moisture from the air during the operation 
to allow of the production of the veiy small quantity 
of ions necessary to the commencement of the reaction. 
Hut whether this explanation holds good in every case 
of the kind requires further investigation. 




THE USE OF NOK-HTSCIBLB SOLVENTS 



S B. REACTIONS ACCOMPANYING THE EXTRACTION OF A 

DISSOLVED aUIiSTANCE FROM ONE SOLVENT BY 
MEANS OF ANOTHER. 

25. Liflacnce of tM Ionic State. 

In separations wliich are brought about by the aid 
of two uon-miscible liquids, we have always an aqueous 
solution to deal with on the one hand, and it is there- 
fore well to bear in mind that ions will no more leave 
the aqueous solution in such a case than they will 
assume the gaseous form. In order, therefore, to 
separate a substance from its solution in water by 
etlier, benzene, or any such liquid, it must be brought 
into a condition in which it is neither an ion itself nor 
a constituent of one. 

What was said on ji. S"/ applies to jmrtially 
ionisable substances also. It is only tbe non-ionised 
portion which is affected by the process of extraction, 
and therefore the distribution-coeflicieut and the law 
given on p. 41 apply to it only. So, to "shake up" 
solutions of such substances to the best advantage, 
the conditions must be regulated with tlie view of 
having the nou- ionised constituent present to the 
greatest possible extent. The aqueous solution must 
therefore be made as concentrated as circumstances 
will permit, and it is a great additional help, when 
deabug with acids of only moderate strength, to add 
some very strong acid such as hydrochloric, and when 
dealing with bases of moderate strength, some alkali. 
It follows from what was said on pp. 64-65, that such 
additions will increase the amount of non-ionised sub- 
stince, and hence a given quantity of the second solvent 
will withdraw from the aqueous solution more of the 
substance in question than it csould otherwise do. 
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We may look forward to the methods of aeparation , 
by extraction hy meaus of a solvent — e.ij. with regard 
to the allvalaids — becoming further elaborated than 
they are at present. More particularly we may expect 
distiuetions to be drawn between a strongly acid 
solution (hydrochloric acid) and one weakly acid (acetic 
acid pliia sodium acetate), of which tlie one will retain 
the s;ihstauces that can be extracted from the other. 



§7. THE ELECTROLYTIC METHOD 

Electrolytic methods differ from all the other 
methods of separation which have been already dis- 
cussed, in that the chemical transformation and 
mechanical separation are in their ease comprised 
in one act. The procedure is baaed upon tlie fact 
tliat, by the action of an electric current, the positively 
electrified eathiona move in the direction of the positive 
slope of tliQ electric potential, and the anions in the 
opposite direction. So long as those movements take 
place inside the electrolytic liquid, they are governed 
by the law that equal quantities of positive and 
negative electricity must be present together in any 
given space, and therefore also equivalent quantities 
of positive and negative ions. For, according to 
Faraday's law, equivalent quantities of ions — be they 
what they may — are combined with like amounts of - 
electricity, the cathions with positive and the anions 
with negative. So long therefore as the current passes 
only inside the liquid, it effects no separation ; the 
ions do indeed displace one another, but each space in 
the liquid gets filled up with exactly the same number 
of ions of either kind, as have been driven out of if by 
the action of the current. 
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The conditions are, however, entirely altered when 
the electric current is caused to flow to the outside of 
the liquid. Here again equal amounts of positive and 
negative electricity must of necessity leave the liquid 
at the same moment, the point at which the former 
takes place being named the cathode and the other 
the anode. And, since electricity leaves the liquid, 
the corresponding quantity of ions which were charged 
by it must be transformed into the non- electric or 
non-ionic state. This takes place only at that spot 
where the electricity leaves the electrolyte, and hence 
electrolytic reactions go on solely at the surface of 
contact between the electrodes and the electrolyte. 

The reaction which takes place at the electrodes is 
not always of the same nature. The simplest case is 
that already mentioned, where equivalent amounts of 
cathion and anion pass simultaneously into the un- 
electrified condition. This is, for instance, what takes 
place in the electrolysis of fused magnesium chloride ; 
the anion here is chlorine, which passes from the 
ionic state (in which it is present in the fused salt) 
into that of ordinary unelectric chlorine, and it escapes 
as gas at the anode — the latter being usually made 
of carbon. An exactly similar process goes on with 
the magnesium ions at the cathode; these change 
into non-electric magnesium, i.e, into the ordinary 
metal, which separates there. 

But the condition — that equal amounts of positive 
and negative electricity must be present at the same 
time in any given portion of the electrolyte — may be 
satisfied otherwise. If at the spot where, by the 
action of the current, a definite qiiantity of negative 
electricity must leave the liquid, an equal amount of 
positive electricity enters, the condition is likewise 
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fulfilleil, since it is a general law that any movement 
of positive electricity may be replaced liy an eqi 
and opposite movement of negative. The chemical 
reaction corresponding to this second case is, however, 
a totally different one, for now we have the anion 
remaining in the liquid and the equivalent amount of 
cathion leaving it. This result is attained when the 
electrodes are made of some suhstance which can pass 
into the ionic state when charged with positive 
electricity. Should, for example, the anode in the 
case mentioned above be made of iron, or any metal 
other than the noble ones, the chlorine will not leave 
the ionic condition, but on the contrary an equivalent 
amount of iron will pass into the state of the opposite 

The transformation of a metal into the correspond- 
ing cathion being termed oxidati(jn and the opposite 
process reduction, the general statement may be put 
in these words — the anode eflecta an oxidising action 
and the cathode a reducing. This applies also for 
substances lilse chlorine and iodine which can pass 
from the non-electric state into that of negative ions; 
these two are oxidised at the anode and again reduced 
at the cathode. 

Lastly, there is a third reaction possible at the 
electrodes. The necessary alteration in the amount 
of electricity may also be brought about by one ion 
passing into another which has a larger or smaller 
electric charge without its chemical composition under- 
going any change. Such ions with different chaises 
and correspondingly different valencies are found more 
especially among the metals ; thus mercurj' and copper 
exist as mono- and divalent ions, tin dl- and tetravalent, 
iron and chromium di- and trivalent, and thallium 
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and gold mono- and trivalent. In accordance with 
this a ferrous salt changes at the anode into a ferric, 
and a mercuric salt at the cathode into a mercurous, 
if the conditions are such that the resulting ions of 
different valency can remain permanent. 

Only a limited application of these various possi- 
bilities is made in electro-analysis, this being entirely 
confined for the present to the first-mentioned reaction, 
viz. the transformation of metallic ions into the non- 
electric state, or the separation of dissolved metallic 
elements in the form of a compact metal. The 
following conditions apply here : — 

Every metal has a definite difference of potential 
with respect to the solution of any one of its salts, 
which, with given temperature, is alone dependent 
upon the concentration of the metallic ions in the 
solution. This difference may be either positive or 
negative, and the transformation of the metal into the 
ionic condition must accordingly follow either with the 
gain or the expenditure of energy. We have the first 
occurring in the case of the easily oxidisable metals, 
ix, of the metals which pass readily into the ionic 
condition; in this group are comprised tlie metals at 
the so-called "positive" end of the electro-chemical 
series, from potassium to lead. On the other hand, the 
conversion of the metals succeeding lead — i,e. copper, 
mercury, silver, etc. — from the metallic to the ionic 
state requires the expenditure of energy, and the con- 
verse transition of ions into ordinary metal is accom- 
panied by a gain of energy; these metals are thus spoken 
of as being easily reducible. If we were therefore to 
make a mixture of the electrolytes of all the metals and 
subject them to a gradually increasing electro-motive 
force, the metals would be separated in the order of 
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the differences of potential existing Iietween themselves 
and their electrolytes; the so-called uoble mstals 
wonld be the first to appear, and then — with a higher 
potential — Kjopper, then lead, iron, tin, zinc, and bo on. 

If this mixture consisted merely of tlie metallic 
cathions and the requisite anions, the analysis might 
be carried down to potassium. But in an aq^ueons 
solution this point is never reached, because water 
contains the cathion hydrogen, and this is separated out 
at a definite potential. When the potential reaches 
the value requisite under the existing conditions for 
the separation of the hydrogen, the metallic ions 
which follow it in the series cannot become diachai^ed, 
and all possibility of the electrolytic separation of 
these metals is at an end. 

The position of hydrogen in the electro -chemical 
series is, however, by no means so definite as the positions 
of the solid metals, this being due to its gaseous state 
of aggregation. From this cause there arises the possi- 
bility of very exaggerated super-saturation phenomena, 
so that with suitable precautions hydrogen may be 
relegated to a position far behind that of the positive 
or zinc side of the series. As a matter of fact its 
place under normal conditions is near to that of lead, 
and in the electrolysLs of the salts of all the more 
positive metals — e.ij. of cadmium or zinc— -we must 
obtain hydrogen from the aqueous solution of metaUie 
salt instead of the metal itself. And this is really 
the case if the electrolysis is carried out with a very 
weak current, so that the resulting super-saturations 
have time to disappear. But if the strength of the 
current is increased, or to speak more correctly — 
the density of the current, i.e. the strength divided by 
the electrode sui'face, this reaction is checked, and we 
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get for the most part an electrolysis of the metallic 
salt instead of an electrolysis of water. Further than 
zinc, however, it is scarcely possible to get in this way 
under normal conditions, although Bunsen has proved 
that even barium and other alkaline earth metals can 
be separated from warm concentrated solutions by 
using currents of excessive density. A mercury 
electrode is of especial value here, since the super- 
saturation of the hydrogen can attain a far higher 
value upon the smooth surface of the liquid metal 
than it can on ordinary solid electrodes. 

As has been already mentioned, the potential at 
which the separation of any given metal takes place is 
dependent upon the concentration of the ions, and it 
must therefore be the further towards the zinc side, 
the less the concentration of the corresponding 
cathions. The difference is, however, not great for 
such concentrations as we have to deal with in 
analysis. The diminution of the ion concentration to 
the thousandth part of its original value (which forms 
the limit for most quantitative determinations) causes 
in the most extreme case — that of monovalent metals 
— a difference of potential of 0*17 volt, while in the 
case of a divalent metal the difference is only half as 
much. The differences existing between the various 
metals are for the most part much greater than this. 

Quite other conditions prevail if the concentration 
of the metallic ion undergoes alteration through the 
latter passing into some complex compound, i,e, a 
compound in which it does not show the reactions of 
its ions. Although even in such a case we must 
assume that the solution contains a certain amount of 
the metal in the state of ordinary ions, this amount 
may be so extremely minute under certain circum- 
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stances as to be quite beyond the limits of analytical 
proof. The apparent olectro-chemical position of the 
metal then undei^oes marked displacement, which is 
invariably towards the zinc side — in other woi'ds, the 
metal behaves as if it were less " noble " than it really 
is. For example, gold is unaffected by the oxygen of i 
the air, even when in contact with acids or other 
reagents, but it is attacked by a dilute solution of 
potassie cyanide when the air has access (there is no 
action in absence of air). The reason of this is that 
gold forms with cyanide of potassium a complex salt 
— potassium aurocyanide. In solutions of this salt 
the gold is present almost eutii'ely as the group 
Au(CN)j, and the concentration of the gold ions 
proper is so small that about the same difference oE 
potential exists between the metal and tlie solutiou as 
between copper and hydrochloric acid (containing 
some copper) ; the oxygen of the air therefore acts 
upon the system so produced, as it does upon copper 
in hydrochloric acid, i.e. the gold is dissolved with 
absorption of oxygen. 

The above exposition includes the points which are 
of most moment for the application of electrolysis to 
chemical analysis. The great advantage of this pro- 
cedure lies in the fact that, by the transformation of 
metallic ion into metal, the medianicol separation of 
the latter is effected without any further labour of 
filtration, etc. True, this advantage is only gained if 
the metal separates out in a compact mass, which is 
not the case under all circumstances ; it is therefore 
essential for the practice of electro-analysis to learn 
the conditions under which the metal will assume the 
desired form. No general rule can be given for this 
as yet, so that we must bo content for the presait to 
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find out empirically what the most favourable condi- 
tions are. Further, the separation takes place at a 
definite spot, i.e. at the cathode; the substance sought 
for can thus be compelled to betake itself from a 
dilute solution to a given point, whereby the handling 
of large quantities of liquid is avoided. Lastly, after 
the necessary arrangement of apparatus, etc., has once 
been made, the electrolytic process involves no 
labour or attention from beginning to end, and the 
accuracy of the analysis is thus far less dependent 
upon the skiU of the operator than is the case in the 
ordinary mechanical methods. 

The heavy metals constitute almost the only 
elements which have as yet been treated methodically 
in electro-analysis; the light metals take a position 
in the electro-chemical series which is too far apart 
from that of hydrogen to allow of their electro- 
lytic separation from an aqueous solution. Most 
metals separate out at the cathode ; it is, however, 
important to note — what Becquerel proved as long ago 
as 1830 — that those metals which yield electrically 
conducting peroxides, more especially manganese and 
lead, can be separated very conveniently in this form 
at the anode. 

The quantitative separation of the metals by electro- 
lysis rests upon the differences of potential — just 
described — which are requisite for the separation in 
the metallic state. We may either prevent the 
separation of certain metals, which would come down 
under ordinary conditions, by converting them into 
complex compounds whose potential of precipitation 
lies very high, and this is the method which has been 
generally followed up to now. Or we can use from 
the beginning a measured electro-motive force, which is 

H 
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higher than the potential necessary to precipitate the 
noblest among the metals present, but lower than the 
potential of decomposition of the succeeding metals. By- 
taking advantage of the circumstance that the stability 
and therefore also the potential of decomposition of the 
complex salts formed by different metals under like 
conditions are often very different, we may frequently 
vary the conditions sufficiently to allow of our getting 
at those which are most favourable for the purpose. 



CHAPTEE V 

THE QUANTITATIVE DETERMINATION OF SUBSTANCES 

1. General Considerations 

With the recognition of a substance — a point often 
involving the separation of its constituents from one 
another — the aim of qualitative analysis is achieved. 
If, however, we wish an answer to the further query, — 
how much of each different substance is present ? — 
then a new problem awaits us, viz. the measurement of 
their quantities. 

It does not follow that the measurement of a 
substance must always of necessity be preceded by its 
separation from everything else, any more than in the 
case of its recognition. It is a very common thing in 
quantitative analysis to have to estimate in a complex 
sample the amount of one constituent without paying 
any heed to the others present. We have thus to 
consider separately the methods which allow of 
quantitative estimation only after a previous separation, 
and those in which no such separation is required. 

In order that a substance may be capable of 
convenient and accurate measurement, it must fulfil 
certain conditions. If, for instance, it has to be 
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weighed, it must be unalterable in the air, non- 
Jeliquescent, and capable if possible of withstanding a 
red heat without undergoing chemical change. It is 
at once evident that only a comparatively small 
number of substances will satisfy those conditions. 
On this account the most extended use is made in 
analytical chemistry of the law of constant raass- 
proportiona, A compound which is in itself unsuited 
for measurement is converted into some other possess- 
ing the desired properties, and its quantity is calculated 
from the measured quantity of the latter, in accordance 
with the law that the amount of the original substance 
stands in a constant ratio to that of the other into 
which it has been transformed. This ratio can be 
calculated from the law of combining weights, accord- 
ing to which all chemical combinations between any 
elements whatsoever take place in the ratio of definite 
relative numbers, those numbers being termed the 
atomic weights of the elements. The sum of the 
atomic weights of the compound is its combining 
weight, and the relation between the combining 
weights of two substances, one of which can be 
prepared from the other, is the ratio between the 
weight of the original amount of the first t 
and the resulting amount of the second. 

Given, therefore, a knowledge of the atomic i 
of the elements and of the equation representing the 
chemical change in question, we can calculate the 
coefficient which reduces the amount of the original 
substance to that of the ultimate product, and vice 
versd. 

It is not necessary that any constituent of the 
original compound should be present in the one which 
is finally obtained. Thus the quantity of hydrochloric 
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acid present in a solution may be estimated by allowing 
the latter to act upon an excess of carbonate of lime 
(marble), passing the carbon dioxide generated through 
a solution of baryta, and weighing the precipitated 
barium carbonate. In accordance with the equations 

2HCl + CaC03 = CaClg + HgO + CO2, 
Ba(OH)2 + C02 = BaCOg + HgO, 

we know that lBaCO„ is thus obtained from 2HC1, 
and we can therefore calculate the required factor 
from the formula -weights 2HC1 = 72*92 and BaCO^ 

•70. QQ 

= 197-04 ; ^f^^ = 0-3701 is the coefficient by which 

the amount of barium carbonate obtained must be 
multiplied, in order to give us the original amount of 
hydrochloric acid. 

And what holds good for weighing applies also to 
any other mode of estimation ; hence we have a great 
variety of methods of measurement. We shall always 
assume, in what follows with respect to this, that use 
is made of the process of transformation if necessary. 
The chief point to be considered in the application of 
this is that any such transformation shall be easy and 
complete. When needful, the agreement between the 
theoretical factor and the empirical must be checked 
from the weighed quantity of the original substance ; 
and any method which does not fulfil this condition 
— i.e. in which secondary reactions go on — is to be 
looked upon with suspicion and rejected, or at least 
only applied in default of a better one. 

2. Pure Substances 

When once substances have been separated from 
one another, the simplest and most reliable mode of 



$ 
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determining their amounts is to ■weigh them. By 
means of the balance we determine directly the force 
with which the object weighed is attracted to the 
earth ; and since we know that this force is propor- 
tional to the mass of the object, weighing becomes a 
determination of mass. The other properties which 
vary with the amount of substance, more especially 
the volume and the quantity of chemical enei^, are 
on their part proportional to the mass, so that what 
we call the quantity of a siibslance is arrived at by 
weighing. 

In place of weighing, we may measure other pro- 
perties which are proportional to the mass. Prominent 
among these is the volume, whose measurement is often 
very 'much easier, and sometimes also more accurate 
than a weighing would be. 

In the case of gases the measurement of the volume 
is, as a general rule, preferable to weighings because 
the weight here constitutes but a small fraction of 
that of the containing vessel, and hence the influence 
o£ errors of weighing becomes very great. The effect 
of temperature and pressure on the volume of a gas is 
eliminated by always reducing to normal temperature 
and pressure (0°C. and 76 cm. mercury pressure), 
according to the formula 



" 76(1+0-003670 

The weight is got by multiplying the reduced 
volume Vf^ by the weight of unit volume of the gas. 
In making rigorous calculations we have, however, to 
bear in mind that a column of mercury 76 cm. 
high is not a perfect definition of normal pressure, 
since the pressure thus determined depends further 
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on the intensity of the force of gravity at any spot. 
In other words, the weight of the reduced unit volume 
of gas depends upon the geographical latitude and the 
height above sea-level. It would, therefore, be better 
to abandon the old definition of normal pressure, and 
to refer the latter to absolute units. 

In determining the quantity of a liquid from its 
volume, it is only necessary to allow for the tempera- 
ture, the compressibility of liquids and the alterations 
in atmospheric pressure being so small as to be 
negligible. For temperature there is no general law 
here; the expansion on warming must be determined 
separately for each individual substance. As a rule 
only the apparent expansion by heat is to be taken 
into account when measuring the volume of a liquid, 
Le, the difference between the expansion of the liquid 
itself and that of the containing vessel. The volume 
is then reduced by the coefficient of apparent expansion 
to that for the temperature at which the density has 
been determined, or the densities at various tempera- 
tures may be estimated ; the product of density and 
volume then gives the weight. 

It may be said that a measurement of the volume 
of a solid is never applied in analysis for the purpose 
of arriving at its weight, since a solid cannot adapt 
itself to the filling up of an empty space as a liquid 
or a gas can do. The attempts which have been made 
from time to time to determine the amount of a pre- 
cipitate without washing it, from the mean specific 
gravity of the precipitate plus liquid and the specific 
gravity of the latter alone, are based in principle on 
volume-determination. The inaccuracy of the results 
obtained has, however, prevented any practical applica- 
tion of this method ; this arises from the density of 



a precipitate varying, ami being inMuenced by adsorp- 
tion in a way that cannot be controlled. 



3. Binary Mixtures 

(Quantitative eatimationa in homogeneous binary | 
mixtures (more especially in solution), the nature of 
both of whose constituents is known, are constantly 
carried out without a separation being necessary. To 
this end we only req^uire to fix on any property 
which has a different value for the two eonalituente, 
and deteniiine this in a sufficient number of misturea 
of known composition to allow of its other values 
being interpolated; then from the observed value of 
this property in an unknown mixture, the composition | 
of the latter can be arrived at i 

The law, according to which the numerical values 
of the property in question depend upon the com- 
position, need not for this purpose be given in strictly 
mathematical form. It is sufficient to collate the 
numbers empirically by a suitable interpolation-formula, 
or — more thoroughly and conveniently— by a curve, 
whose abscisste indicate the quantity -ratios (e.g. in 
percentages of the total amount), and ordinates the 
numerical values of the specified property. In this 
way we get in general a curve, but in certain ca 
a straight line, connecting the ordinate- values of the j 
pure substances together. The last case is an ex- 
pression of the fact tliat in the process of mixing 
nothing has taken place to exercise auy influence 
upon the individual properties of the two con- 
stituents ; or, to put it differently, the pi-operty of the 
mixture is merely the sum of the properties of its 
constituents. 
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As already stated, such behaviour is rare in the 
case of mixtures of liquids, although universal with 
gases. The composition of a binary gaseous mixture 
can therefore be deduced from the measurement of 
any one definite property, for which the values in the 
pure constituents are known. Of all properties the 
specific gravity is the most serviceable from a practical 
point of view. 

The determinations of the quantity-ratios from the 
measurement of a given property are the more accurate 
the more exact the measurement is in itself, and the 
greater the difierence between the values appertaining 
to each of the two constituents. The most favourable 
case in this respect is the extreme limit, in which the 
value for the one constituent is zero, i.e, where only 
one of the constituents possesses the property in 
question. The measured property- value is then almost 
or altogether a measure of the relative amount of 
the substance possessing that property. Among such 
properties, which may be termed special, in contra- 
distinction to the other general properties, may be 
instanced the rotation of the plane of polarisation of 
light, the colour, and the electric conductivity, etc. ; 
all of these lend themselves in an especial manner to 
quantitative determinations, and are largely applied 
for this purpose. 

As already mentioned, the general properties, which 
possess a finite value for all substances, do not allow 
of such an accurate quantitative determination under 
otherwise similar conditions, because in them the 
measure of the amount is approximately or exactly 
proportional only to the difference between the values 
for the mixture and that for the pure constituent. Not- 
withstanding this these properties are very largely made 
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use of, on account of the ease and accuracy witli which 
they can be measured. 

Of the general properties the moat prominent ia the , 
specific gravity, which can be measured with extreme i 
accuracy by the specific gravity bottle, and very quickly ' 
and easily by the axKometer. Since the case of the 
property being purely additive (cf. p. 104) hardly ever 
occurs here (aqueous solutions in particular show lai^e 
deviations), a series of measurements has to be carried 
through for each individual substance beforehand, bo 
as to allow of the requisite interpolations being made. 
Temperature has a very appreciable influence on specific 
gravity, and must consequently be always allowed for; 
it is therefore necessary to work at a perfectly definite , 
temperature. 

Among other general properties the refraction- 
coefficient may bo mentioned, since it can be as widely j 
utilised as specific gravity itself. Its measurement 
however, less easy to carry out as a rule, or else 1 
exact. Other anxiliaiy aids are boiling point or vapour j 
pressure, melting point, expansion coefficient, internal .] 
friction, etc, 

4. Indirect Analysis 

In addition to the physical procedure for deter- 
mining the quantities of substances in binary mixtures, 
a procedure depending upon the measurement of pro- 
perties, there is the chemical one by which, after the 
weight of the mixture has been noted, the latter is 
transformed either into another mixture or into some 
homogeneous substance. From the change in weight 
thus brought about, the composition of the mixture may 
be deduced hi a way similar to that already explained, 
the relation between the change in weight and the 
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composition being a simple linear one, since weight 
is a purely additive property. 

Suppose, for example, that we have a mixture of 
the chlorides of potassium and sodium, we can arrive 
at its composition by transforming the chlorides into 
sulphates. We c-alculate from the atomic weights 
that 1 grm. of sodium chloride will yield 1*2147 grm. 
of sulphate, while a grm. of potassium chloride will 
only yield 1*1683 grm. of sulphate; a mixture of the 
two salts must therefore give a value lying between 

those two figures. If this value is 1*2015, then 
1-2147 -1-2015 ^^o- .„ , ,, 

l"-2l47^ 1-1683 ""^^^ ^™' represent the pro- 

portion of chloride of potassium which is present. 

Numerous schemes of indirect analysis can be drawn 
up on the same principle. But the process, although 
convenient, has the drawback of multiplying the error 
of experiment in a greater or less degree. In the 
above example, which is an unfavoumble one, the 
whole difference in the final weight must be something 
less than 0*0464 grm. for every gramme of the original 
mixture taken, consequently any error of weighing 
becomes multiplied 22 times in the result. When, 
therefore, we have occasion to make use of indirect 
analysis, we must choose our process so that there 
shall be the largest possible weight-difference between 
the transformation products of the two separate con- 
stituents. 

In place of direct weighing, the quantities of 
substances may be determined by physical or chemical 
methods; but the principle of the procedure remains 
the same. 
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5. Ttrtiary Mwlurcs, etc. 

Quantitative estimations io coniplex mistures may 
be carried out without any preliminary separation, it' 
the substance to be estimated possesses some special 
property, from whose measurement its quantity can bo | 
deduced. But before applying any such procedure 
an investigation must first be made to see tliat the 
relation between the value of the specified property 
and the amount of the substance is not affected in 
any way by the presence of other bodies. It would, 
for instance, be utterly fallacious to try to arrive at 
the percentage of sodium chloride present in an 
aqueous -alcoholic solution from the electric conduc- 
tivity of the latter, if iu our calculation we referred 
the conductivity found to a table constructed from 
results given by purely aqueous solutions. For 
although alcohol is a non-conductor itself, it exerts 
an influence on the conductivity of solutions to which 
it ia added, so that the relation between this pro- 
perty and the amount of substance present becomes 
quite altered. 

It ia only when no such influence is exercised by 
any of the other substances present that this procedure 
can be followed with advantage. For although it may 
be pos.sible to determine the influence of the foreign 
body and to tabulate it, the use of any such table 
(apart from the additional work required to construct 
it) necessitates a knowledge of the quantity of the 
foreign substance present, and therefore very often ; 
special analysis for tliis purpose. 

Cases in which the procedure is practically applicable 
are consequently not very common, and, since we almost 
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never find the special property in question to be absolutely 
independent of outside substances, the methods are not 
very exact. The determination of cane sugar from the 
optical rotatory power of its solution and the various 
colorimetric analyses may be taken as examples. Serious 
errors have been repeatedly brought to light in the last- 
mentioned of those cases, which have arisen from taking 
for granted without sufficient proof that the foreign 
bodies present exercised no influence, when as a matter 
of fact their influence was a material one. 



6. Methods of Titration 

Chemical methods for the estimation of one con- 
stituent in a complex mixture are far more reliable 
and also far more niunerous than physical ones. They 
are based upon the principle of subjecting the substance 
in question to some chemical reaction by the addition 
of a suitable reagent, whereby either the complete con- 
version of the original substance or the slightest excess 
of added reagent can be at once recognised by some 
striking sign. It is as a rule much easier here to 
judge and also to check whether, through any other 
possible chemical reactions, the condition has been 
infringed — that no other substance present shall exert 
an influence on the determination ; hence such methods 
are capable of unusually wide application. The quanti- 
tative estimation depends in this case upon the measure- 
ment of the quantity of reagent which must be added, 
in order to completely transform the substance under 
examination. This quantity is most conveniently arrived 
at by noting the volume of the reagent-solution used, 
the strength being also of course known. This is not, 
however, an essential characteristic of the method, for, 
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when exceptionally accurate determinations are required, 
it is not tinusual to replace the measurement of the 
volume of the reagent by weighing, which, in contrast 
to the volumetric measurement, is unaffected by 
variations of temperature. 

Methods of titration may be divided into two groups, 
viz. those in which the disappearance of the original 
substance fiirnishea the end-phenomenon, and those in 
which the excess of reagent performs this duty. The 
methods of the second group are in their turn capable 
of further division, seeing that iu some cases an excess 
of the reagent is at once directly apparent, while in 
others this excess is only rendered \'isible through the 
aid of an added medium — the mdicator. 

As an example of the first group wc may take 
iodometric analysis. By the reactiou 

I^ + SNn^SjO^ = 2NaI + Na,_,SjOy 



the dark-coloured free iodine is transformed into sodium 
iodide, or, more con'eetly, into colourleaa iodine ions. 
One has therefore to go on adding tliioaulphate solution 
of known strength until the yellowish-brown colour of 
the free iodine has vanished. The end-point of this 
conversion is, however, far easier to see if, towards the 
close of the titration, any iodine still present is con- 
verted into blue iodide of starch, by the addition of a 
few drops of clear starch solution. 

The estimation of iron by permanganate of potash 
is a good example of the first section of group 2. So 
long as any ferrous salt remains in the solution, the 
added permanganate is at once changed into colourless 
compounds (manganous and potassium salts). But, 
when all the ferrous salt gets used up and this con- 
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version consequently ceases, the pink permanganate 
colour remains permanent, thus showing the end-point 
of the analysis. 

This method is obviously only applicable when the 
reagent possesses some striking characteristic (in the 
above case the pink colour), which disappears through 
the reaction. Should this be wanting, an indicator 
must be used. 

The typical example of the indicator-method is the 
process of acidimetry or alkalimetry, by means of which 
the amoimt of base or acid — or, to be more precise, 
the amount of hydroxyl or acid - hydrogen — is 
estimated in a solution. Since these substances give 
no indication of their presence by any direct sign, a 
dye like litmus is added, whose colour depends upon 
whether the solution contains an excess of acid or of 
alkali. Thus, litmus gives with alkali a blue salt, 
which is decomposed by the slightest excess of acid 
with the liberation of the free litmus acid, a compound 
of reddish colour. 

In place of a change in colour, the production or 
disappearance of a precipitate or any other striking 
phenomenon may be made use of. If the indicator 
cannot be actually employed in the solution which is 
being examined, some drops of it are spotted over a 
suitable surface (a white porcelain plate in colour 
reactions) and, after each successive addition of reagent, 
a minute quantity of the solution is brought into con- 
tact with one of these drops, until the reaction, which 
is characteristic of an excess of the reagent, sets in. 

Since the time of Friedrich Mohr, the strength of 
volumetric reagents has been so regulated that an 
equivalent of the reagent in grammes is contained in a 
litre of the liquid, or in some multiple of a litre. The 
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number of cubic centimetres of reagent used thus 
gives the amount of the substance under examination 
corresponding to the reaction-formula in milligramme- 
equivalents or some sub-multiple of this, and so the 
labour of subsequent calculation is reduced to a 
minimum. In cases, however, where a very large 
number of analyses of the same kind have to be 
carried out, more especially in technical working, the 
titrating solution is so made that 1 ccm. of it corre- 
sponds to 1, 10, or 100 m.grms., or any other round 
figure of the substance to be determined. 



PART II 
APPLICATIONS 



1 



INTEODUCTION 

In order to give a living interest to the laws and 
principles which have been detailed in the first part 
of this book, and to illustrate the mode in which they 
are applied, I shall discuss in the second part the 
analytical properties of a number of different substances 
separately. My object in doing this will not be to 
attempt to teach analytical chemistry to beginners, 
for I am well aware that an appreciable time must 
elapse before the new views enunciated here can find 
general acceptance, and can exercise an influence upon 
the instruction of those who are commencing the study 
of the science. Students who read this book will thus 
do so not so much with the object of actually learning 
analytical chemistry from it, as of pondering over the 
scientific principles which underlie what they have 
already been taught by actual practice, so as to be 
able to apply this knowledge with greater freedom and 
certainty. It would of course be supei'fluous to attempt 
the treatment of every known substance, but it wiU be 
my endeavour to bring together here examples of all 
the cases which are typical and characteristic. 

The division of the subject wiU be according to 
the usual analytical groups. I should like here to 
lay stress upon the treatment of the subject with 
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respect to the ionic state, which the element sought 
for may assume, this point being essentially new, 
and, in my opinion, capable of direct application in 
teaching. If we adhere constantly to the point of 
view that analytical reactions are with very few 
exceptions reactions of ions,^ then a review of the facts 
of analytical chemistry becomes at once infinitely 
simpler, and appeals in its practical bearing even to 
those who look upon the theory of electrolytic 
dissociation as a suspicious and blameworthy in- 
novation. 

^ Zeitschrift fUr physikalische Chemie, 3, 596 (1889). 



CHAPTEE VI 

THE HYDROGEN AND HYDROXYL IONS 

1. Acids and Bases 

Compounds whose aqueous solutions contain the 
hydrogen ion are termed acids, and those which 
contain the hydroxyl ion bases. They are recognised 
qualitatively by the colour reactions which they bring 
about in certain dyes, those reactions being utilised as 
indicators in the quantitative estimation of the 
hydrogen ion or the acids, and in that of the hydroxyl 
ion or the bases. 

If a dye is to be of any use as an indicator, it 
must be either acid or basic in its nature, and must 
have a different colour when non-dissociated from what 
it has in the ionic condition. Further, it must not be 
a strong acid or base, because it would then break up 
into its ions while in the free state, and would thus 
show no change of colour on neutralisation. For, 
when a strong acid is neutralised, only its free 
hydrogen ions form water with the hydroxyl of the 
base, the anion remaining unaltered. A weak acid on 
the other hand exists for the most part as undissociated 
molecule in solution and not as ion, the ions being 



118 FODHDATIOKa OF ANALYTICAL CHEMI8TEY chap.1 

produced only after neutralisation, i.e. after the ] 
conversion of the acid into neutral salt, seeing that I 
the neutral salts of even weak acids undergo very 
complete ionisation. 



2, 77ie Hieory of Indicators 

For the rest, the properties of an indicator depend J 
mainly upon the extent to which it is dissociable. ' 
If it is a very weak acid (and precisely analog( 
considerations hold good for basic indicators), then ] 
acids of moderate or even small ionisation, if present ] 
in the slightest excess, will give up their hydrogen 
it, thus producing the colour - phenomenon which ■ 
accompanies the change from the ionic state to that \ 
of the non-ionised molecide. Such indicators will 
thus be sensitive, and capable of being used for the ' 
measurement of tolerably weak acids like acetic. 
They can only be employed with strong bases, how- 
ever, as with weak ones they form salts incompletely, 
the latter being decomposed by hydrolysis with the 
water present (cf. p. 66} ; with weak bases, therefore, 
they give the colour-phenomenon due to the forma- 
tion of ions very imperfectly, and the change is not a j 
sharii one. 

Phenol-phthalein is a good example of a very 
weakly acid indicator, which is colourless iu the 
molecular state, but intensely red when dissociated ■ 
into ions. The solution which is coloured red by 
alkali contains the salt of phenol-phthalein in the ' 
ionic state, and becomes colouiless after neutralisation 
and addition of the faintest excess of acid, from the 
formation of the colourless non-ionised molecule. 
Ammonia is, however, too weak a base in itself to i 
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yield a normal salt with phenol-phthalem in very 
dilute solution ; in other words, to give the free ions of 
the salt. In fact a distinct excess of ammonia is 
required to overcome the hydrolytic action of the 
water, hence the change of colour in presence of salts of 
ammonium is anything but sharp, and only apparent 
when a considerable excess of base is present. For 
addimetry, especially for the titration of weak acids, 
when one can choose any base for neutralisation that 
one likes, and therefore fixes on a strong one (baryta 
water is best), phenol-phthalein is an admirable 
indicator ; but it is unsuited to alkalimetry, since its 
use must be restricted to the very strong bases. 

Of the other well-known indicators methyl-orange 
stands in the opposite category. It is an acid of 
medium strength, its ions being yellow while the non- 
dissociated molecule is red. The pure aqueous solu- 
tion of the acid ionises of itself in a marked 
degree and therefore shows a mixed colour ; but the 
addition of a trace of a stronger acid lessens this 
ionisation, in virtue of the mass - action of the 
hydrogen ions (p. 64), and then the colour of the 
undecomposed molecule predominates. 

When, however, methyl-orange is added to a basic 
liquid, the salt is formed and we get the yellow colour 
of the ions. If we now neutralise with a strong acid, 
the reaction mentioned in the preceding paragraph as 
due to the presence of excess of hydrogen ions takes 
place, and the colour is reversed. But should the 
acid be weak, i,e, only slightly ionisable (the ionisa- 
tion being still further reduced by that of the neutral 
salt formed in the liquid), the quantity of hydrogen 
ions on passing the point of neutralisation is too small 
to allow of the formation of a visible amount of non- 
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ionised molecules of methyl - orange, and the red 
colour only appears after a very considerable excess 
has been added, and then only by degrees : in other 
wordsj the reaction is not a sharp one. Methyl- 
orange is therefore not suited to the titration of every 
acid. 

But when it is a question of the titration of has^, 
even of weak bases, methyl - orange is the proper 
indicator to use, for its strongly acid nature permits of 
its forming salts with very weak bases, and those 
salts are not hydrolysed to any extent by water; it 
thus gives sharp end-reactions in cases where indicators 
of slightly acid nature are useless. 

The other acid indicators lie between these two 
extremes, and the conditions under which they are 
applicable can therefore be judged of from what has 
just been said. 

Considerations of precisely the same kind apply to 
basic indicators. For the titration of weak acids a 
strongly ionised indicator is alone of use, while 
weak bases require as weakly basic indicators as 



But neither here nor in the case of acid indicators 
must we go to the extreme of ionisation. For an 
indicator which is as much ionised as the strongest 
acids (hydrochloric, nitric, etc) vnll show no alterations 
of colour at all in acid and alkaline solutions. In an 
acid solution it is already ionised to its full extent, 
practically speaking ; its anions are therefore present in 
the free state, and do not first become free when the 
salt is formed. Further, since the anions undergo no 
change through the neutralisation of the liquid, there 
can be no alteration in colour. Examples in point are to 
be found in (the strong) picric and permanganic acids. 
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which show the same colour in acid as in alkaline 
solution. 

3. Tlie Presence of Carbonic Add 

Certain difficulties arise in acidimetry from the 
circumstance that basic solutions absorb carbon dioxide 
from the air, whereby their titre becomes altered. This 
source of error must be rigorously excluded in the 
determination of weak acids. In such cases, there- 
fore, the alkaline solution must be carefully guarded 
from atmospheric carbonic acid (e.g, by interposing 
tubes filled with soda-lime), and baryta water is the 
best alkaline liquid to use, seeing that it cannot retain 
carbon dioxide in solution, besides acting much less 
on glass than solutions of potash and soda do. 

On the other hand, when strong acids have to be 
estimated, the action of carbonic — itself a very weak 
acid — can be set aside by using for indicator an acid 
of medium strength. Methyl-orange is the best here, 
acting satisfactorily, not merely in the titration of 
alkali which contains carbonate, but in that of a 
carbonate itself ; and, further, the end reaction is 
sharper, the more concentrated is the solution. The 
correctness of this statement can be verified by a 
careful study of the conditions of equilibrium in point, 
but it will be sufficient merely to refer now to the 
fact that, with increasing dilution, all acids approxi- 
mate to one another in their degree of ionisation ; 
lience the differences in ionisation, upon which the 
process is based, become gradually eliminated as the 
solutions become more dilute. 

Hydrosulphuric acid acts similarly to carbonic, 
only its ionisation -constant is somewhat greater and 
its acid properties are therefore rather more marked. 
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4. Polybasic Acids 

"Wliile monobasic acids allow of a sharp titration, 
even when they are relatively weak, aome polybasic 
acidg of markedly acid character show the change of 
colour very gradually, — an indication of the hydrolyaia 
of their neutral salts. 

The cause of this striking phenomenon, for which 
sulphurous and ortho-phosphoric acids may be taken 
as examples, is the gradii/xl ionisaiion already referred 
to on p. 61, according to which the different hydrogen 
atoms of polybasic acids pass at very different rates 
into the ionised condition — the second more slowly 
than the first, and the third more slowly than the 
second, and so on. So far, however, as the change in 
colour of the indicator is concerned, it is only the 
last — ie. the weakest — hydrogen atom that has to he 
taken into account, since the first (and second, etc.) 
have been already accounted for by the first portions 
of added base. If the ionisation-conatant for this 
hydrogen atom is very small, hydrolysis of the corre- 
sponding salt in the aqueous solution ensues (cf. p. 66), 
and the result is an indistinct colour-reaction aa ex- 
plained on p. 118. 

The different behaviour of polybasic acids with 
different indicators depends upon the same thing. 
Phosphoric acid comports itself with methyl-orange as 
a monobasic acid, i.e. only its first hydrogen atom is 
sufficiently ionised to give up to the yellow ions 
the hydrogen necessary for the formation of the 
red non-ionised molecule. With phenol - phthalein, 
which is a very much weaker acid, phosphoric acid 
behaves on the other hand, as if it were dibasic, since 
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this indicator requires a much smaller concentration 
of the hydrogen ions for its conversion into the colour- 
less non-ionised compound. The third hydrogen atom 
of phosphoric acid, lastly, is one of so weak an acid 
that the corresponding alkaline salt becomes hydrolysed 
to a very considerable extent in aqueous solution, so 
that a titration is impossible. 

The fact that carbonic . acid can be titrated as a 
monobasic acid with phenol-phthalem for indicator, is 
explicable in the same way. 

Since we are dependent upon comparatively small 
diflferences of ionisation in all these processes, the 
colour changes are less sharp than in the case of 
strong monobasic acids, and the conditions of the 
reaction are somewhat disarranged by dilution. If 
estimations of the kind must be made (and this is not 
to be recommended as a rule), the solution to be 
titrated should be kept as concentrated as possible. 

Attempts have been made to refer the phenomena 
which have just been described to the unsymmetrical 
constitution of the acids in question. But they occur 
with many acids about whose symmetrical constitution 
there is no doubt, and at the same time are wanting 
in the case of others which are as certainly unsym- 
metric. The causes which determine a greater or 
lesser difference in the consecutive coefficients are 
partly known, but they cannot be entered into here. 



CHAPTEE VII 

THE METALS OF THE ALKALIES 

1. Oeneral Properties 

The metals potassium, rubidium, caesium, sodium and 
lithium, are invariably present in solutions as mono- 
valent positive ions, and never as complex ones. They 
therefore always show the reactions of those ions, and 
never any so-called anomalous reactions. The 
hydroxides are readily soluble in water and are 
very completely ionised, so that they constitute the 
strongest bases known. With the ordinary precipitat- 
ing reagents they yield only soluble salts, remaining 
in solution after any other metals present have been 
thrown down; hence advantage is taken of this to 
separate them from the latter. 

2. Potassium, Rubidium and Caesium 

The alkali metals form sparingly soluble salts with 
hydro-silicofluoric and hydro-platinichloric acids. The 
first of these precipitates potassium, rubidium and 
caesium ions as well as those of sodium, and cannot 
therefore be used for separations. Hydro-platinichloric 
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acid gives diflBicultly soluble salts of the formula M^PtClg 
with potassium, rubidium and caesium, and easily soluble 
ones with sodium and lithium. When potassium and 
sodium have to be separated from one another, the 
chlorides are evaporated with excess of hydro-platini- 
chloric acid to a syrup, and the residue allowed to 
stand covered with excess of alcohol, which dissolves 
the sodium platinichloride readily. As both sodium 
chloride and anhydrous sodium platinichloride are but 
slightly soluble in alcohol, we must always have an 
excess of hydro-platinichloric acid present, and must 
also take care that the residue from evaporation on 
the water-bath is never made completely dry. The 
platinichloride of potassium, dried at 110°, still con- 
tains traces of water, so that its apparent weight is a 
little greater than the reality. 

No analytical method is known for the separation 
of potassium, rubidium and caesium ; use is made of 
the different solubilities of their platinichlorides or 
acid tartrates to effect a " fractionation " or approxi- 
mate separation. For an actual determination only 
an indirect process can be followed, e.g. the metals 
are first weighed as chlorides and then as platini- 
chlorides ; it is of course an essential condition here 
that only two of the elements shall be present. 

Potassium may also be precipitated as acid tar- 
trate by the addition of tartaric acid. Since the free 
acid is thereby produced from the potassium salt, 
and exerts — if it be concentrated — a solvent action 
upon the precipitate (cf. p. 81), i.e, hinders the for- 
mation of the latter, it must either be rendered in- 
nocuous by the addition of sodium acetate (p. 65), or 
a solution of sodium-hydrogen tartrate must be used 
for precipitating instead of tartaric acid itself; by this 
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means the production of free acid is avoided. The 
second of these two methods is to be preferred, inas- 
much as it permits of more tartaric acid ions heing 
brought into solution than is possible wlien the 
(slightly ionised) free tartaric acid is employed, and 
thus diminishes more effectively the solubility of the 
resulting hydrogen-potassium tartrate. 

This salt, potassium-hydrogen tartrate, shows the 
phenomena of super-saturation in a very marked degree; 
hence the reaction just detailed must be carried out 
in as concentrated a solution as possible, and the pre- 
cipitate must be allowed to remain in the liquid for a 
long time, with frequent shaking. 

The flame-reaction serves as a quahtative test for 
potassium. The potassium flame contains violet and 
red rays, and appears reddish when looked at through 
cobalt-blue glass, since it is the red rays that are 
chiefly transmitted. The yellow sodium light, which 
liidcs that of potassium from the naked eye even 
when but minute (juautities of sodium are present, 
is completely stopped by cobalt glass, so that the 
yellow flame proceeding from a mixture of potassium 
and sodium compounds appears red when viewed 
through the latter, while a pure sodium flame is in- 
visible. 

With such a mixed flame the spectroscope shows 
the red lines of potassium, and also the violet lines 
faintly, together with tlie double yellow sodium line. 



3. Sodium 

Sodium is determined quantitatively in a mixture 
by first weighing the chlorides of sodium and potass- 
ium together, then estimating the potassium as platini- 
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chloride, and deducting the chloride of potassium thus 
formed from the original total amoimt ; the diflference 
gives the chloride of sodium. 

The qualitative test for sodium is the yellow 
flame coloration. Since, however, compounds of sodium 
are distributed everywhere in nature, and this flame 
reaction is excessively delicate, one has to note here 
the length of time that the yellow shows. Traces 
of sodium, arising, e.g., from the presence of dust or 
from the fingers touching the platmum wire, give but 
a transitory coloration, while measurable amounts of 
sodium compounds show the phenomenon for several 
minutes. 

4. Lithium 

Lithium gives an intensely red flame, which shows 
a red and an orange yellow line when analysed by 
the spectroscope. The lithium light is of smaller wave- 
length than that of potassium, and is absorbed by 
cobalt glass. 

The reactions of lithium are more like those of 
the alkaline earth metals than of the metals of the 
alkalies. It forms a sparingly soluble carbonate and 
phosphate, its chloride — unlike those of the alkalies — 
is soluble in an anhydrous mixture of alcohol and 
ether, and it becomes alkaline when heated strongly 
in moist air, like the chlorides of calcium and mag- 
nesium. It does not give a precipitate either with 
hydro-platinichloric or with tartaric acid. 

Lithium is estimated quantitatively as phosphate, 
LigPO^, by precipitating the solution with tri-sodium 
phosphate {i,e, with a mixture of common sodium 
phosphate, NagHPO^, and caustic soda). 
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5. ATtimonia 

The salts formed by tho combination of ammonia 
with the acids contain the ion NH^", which hehavea 
in many respects Hke the potassium ion. Like the 
latter it forms a sparingly soluble platinichloiiJe and 
acid tartrate, and many of its salts are iBomorphous 
with the corresponding salts of potassium. 

Ammonia dissolves in water to ammonium hydrox- 
ide, NH.OH, which becomes ionised to some extent. 



Its ionisatiou-constant in the formula 



= K. 



when V is expressed in litres is: — K=0'000023; 
in its decinormal solution tho ionisation amounts to 
1-5 per cent. Ammonia therefore belongs to the 
weaker bases. 

When its aqueous solution is warmed, the am- 
monium hydroxide changes into its anhydride ammonia, 
which partly escapes. All the ammonia can be driven 
out of a water solution by boiling ; each escaping bubble 
of vapour creates a vacuum for tlie ammonia, in which 
the partial pressure of the latter is at first zero, so 
that the gaa quickly diffuses out of the liquid and 
becomes expelled. Upon this the estimation of am- 
monia in its salts depends. These are distilled with a 
stronger base, and the escaping ammonia is condensed 
in some acid. For a quantitative determination a 
measured volume of acid of known strength is used, 
the excess of acid remaining after the operation being 
titrated with baryta water, with methyl -orange as 
indicator. 

Ammonia possesses in a remarkable degree the 
power of foiTuing complex ions of the general formula 
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M + nNH^ with the elements, more especially with 
metals, these ions having often the same valency as the 
metallic ions themselves. The most stable compounds 
of this type do not show either the reactions of the 
metal or those of ammonia. The complexes of this 
kind are, however, of every degree of stability. The 
more readily decomposable among them are the most 
stable when in the form of salts ; the free bases break 
up more easily into metallic hydroxide and ammonia. 
Most of them give off ammonia more or less quickly 
when heated alone, while they are all completely de- 
composed upon heating with caustic alkali or soda-lime, 
the nitrogen present escaping as ammonia. 

A characteristic compound, dimercur- ammonium 
iodide, NHg2l-hH20, is formed as a yellowish-brown 
precipitate when even excessively attenuated solutions 
of ammonium compounds are added to an alkaline 
solution of potassium mercuriodide, K^Hgl^ (Nessler's 
reagent). The mercury salt must be present in excess, 
or else more soluble mercur- ammonium compounds 
(poorer in mercury) are produced, and the liquid must 
also be rather strongly alkaline. Since we have to do 
here with the formation of a compound substance 
and not with a simple ion-reaction, the mixed liquids 
require to stand for some time before the process 
completes itself. 



E 



CHArTER VIII 



THE METALS OF THE ALKALINE EARTHS 



1, General Properties 

The five metals calcium, strontium, barium, mag- 
nesium and beryllium form divalent positive ions ; the 
three first can only exist in this state (in solutiou), 
while magnesium and beryllium are capable of unit- 
ing with ammonia to complex iona, though these are 
not by any means stable. Calcium, strontium and 
barium also yield more or less soluble strong bases 
with water, which are ionised almost as much as 
the alkaline hydroxides. Little, however, can be said 
with respect to the ionisation of the other two hy- 
droxides, since they are so slightly soluble in water ; 
but the behaviour of the salts enables us to conclude 
that magnesia is a moderately strong base aud beryllia 
a weak one, the salts of the latter showing an 
acid reaction, and therefore undergoing hydrolytic 
decomposition by the solvent water. Speaking 
generally, beryllium — the metal of smallest atomic 
weight — acts as a connecting link with the tri- 
valeut metals of the next group, just as Hthium — 
the alkali metal of smallest atomic weight — shows 
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certain points of resemblance to the above divalent 
metals. 

All the metals of this group give sparingly 
soluble carbonates and phosphates ; and the three first 
yield sulphates whose insolubility increases in the order 
given. Of the sulphides of calcium, strontium and 
barium, that of barium is the most soluble and that of 
calcium the least, but they are all decomposed hydro- 
lytically, since the monovalent ions SH' and OH', 
together with the metallic cathion, are present in the 
solution, instead of the divalent sulphur ion, S" ; if 
the amount of water in the solution is carefully regu- 
lated, the hydroxides can be made to crystallise out. 
The sulphides of magnesium and beryllium undergo 
this hydrolysis to such an extent that sulphuretted 
hydrogen escapes, and the sparingly soluble hydrox- 
ides are precipitated. 



2. Calcium, 

Calcium salts are precipitated by carbonates, phos- 
phates and oxalates. - Carbonate of calcium comes 
down amorphous at first, and in that state is percep- 
tibly soluble in water; but on standing, and more 
quickly upon warming, the precipitate becomes crys- 
talline (assuming the rhombohedral forms of calc spar), 
and at the same time much more insoluble. This 
crystalline precipitate dissolves readily even in weak 
acids, and also when boiled with solutions of am- 
monium salts — e.g. the chloride — carbonate of am- 
monium escaping. Amorphous carbonate of calcium 
being more soluble, it is taken up even by a cold 
solution of sal ammoniac; hence it follows that calcium 
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salts are not precipitated Ijy carbonates wlien a 
sufficiency of ainmonimu salt is present. 

Calcium oxalate ia a very sparingly soluble com- 
]iound. Free oxalic acid only precipitates the calcium 
salts of strong acids imperfectly, as the oxalate is 
soluble in free hydrochloric or nitric acid. Oxalate 
of ammonium, on the other band^ effects a complete 
precipitation, even in the presence of free acetic acid ; 
the latter indeed has a certain solvent action upon 
pure calcium oxalate, but in presence of acetate and 
excess of oxalate this solubility tliniinishes almost to 
the vanishing point, the former lessening the solvent 
effect of the acid, and the latter the solubility of the 
calcium oxalate. 

In a quantitative estimation the precipitated ox- 
alate of calcium is either gently ignited and weighed 
as carbonate, or strongly ignited and weighed as oxide, 
the second procedure being the better. Precipitation 

I ( as oxalate also serves as the qualitative teat for calcium 
j salts, after those of barium and strontium have been 

I I already removed. 

Ammonia does not give a precipitate with the salts 
of calcium, being too weak a base ; but potash and soda, 
especially if somewhat concentrated, throw down the 
sparingly soluble calcium hydroxide. Pure water dis- 
solves this hydroxide to the extent of about 1 part in 
500, but if an alkali is present the solubility rapidly 
diminishes, on account of the increase of the one ion 
hydroxyl, so that in a 1 per cent alkali solution lime 
is practically insoluble. This circumstance is import- 
ant for the manufacture of caustic alkali by boiling 
alkaline carbonate witli lime. 

II To the Bunsen flame calcium salts give a brick-red 
I coloration, especially after moistening with hydro- 
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chloric acid ; the spectrum 

one. ' ' 

3, Strontium. 

Ill Strontium ia precipitated as sulphate ; it is necea- 
sary to add alcohol here when a more perfect pre- 
cipitation is wanted, and an excess of the soluble 
sulphate employed is also advantageous. Sulphuric 
acid being less dissociated than hydrochloric or nitric, 
the two latter exert a distinct solvent action upon the 
sparingly soluble sulphates, since they induce the 
formation of non-ionised sulphuric acid (cf. p. 81). 
This phenomenon is, of course, most apparent in the 
case of calcium sulphate, which is more soluble than 
either of the other two alkaline earth sulphates, — 
gypsum in fact dissolves readily enough in hydro- 
chloric acid. But the same thing applies in a lesser 
degree to strontium sulphate also, and it is therefore 
wise to avoid using any excess of strong acid in pre- 
Ucipitating this salt, i.e. to keep the solution either 

ipeutral or acidified only by acetic acid. 

Strontium sulphate can be readily and completely 
converted into carbonate by digestion with soluble 
carbonates. The laws which regulate such transfor- 
mations can be easily deduced from the general law 
of equilibrium. Such conversions are always reci- 
procal, for, just as the above sulphate is changed into 
carbonate by a soluble carbonate, so can the carbonate 
be transformed into a sulphate by a soluble sulphate. 
There must, therefore, be some definite mtio between 
the ions SO^ and CO^ when neither of the two trans- 
formations can take place ; and thLs ratio is necessarily 
that at which the two sparingly soluble salts both 
dissolve at one and the same time in water. For it 
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is obvious tlmt under aiich circumstances no mutual 
interaction can set in, and the concentrations of the 
ions SO^ and CO^ must stand in the ratio of the 
solubility-products, seeing that the amount of the 
Sr-ions, which is a factor in both products, is the same 
for each. The latter also applies for the case of 
soluble carbonates and sulphates being present to- 
gether, consequently the ions SO^ and CO.^ must stand 
in the same ratio here also. 

It follows from what has just been said, that a 
solution containing excess of carbonate can have no 
action upon the solid carbonate ; neither can one con- 
taining an excess of sulphate act upon a solid sulphate. 
If in this latter case solid carbonate should be pre- 
sent at the same time, it will continue to undergo 
transformation until the critical ratio of the two ions 
has established itself in the solution. Neither the 
absolute quantities of the solids nor the proportion 
existing between them has anything to do with the 
matter. 

In the case of strontium the solubilities which we 
have to take into account are very different, the 
sulphate being considerably more soluble than the 
ll carbonate ; the transformation of the former thus goes 
/ , on much more quickly than that of the latter, and 
'/ the sulphate must preponderate distinctly in the solu- 
tion if there is to be equilibrium. With barium the 
solubilities are about the same, and therefore also the 
ratio of the two soluble salts in the state of equi- 
librium. 

From dilute solutions strontium sulphate is not 
thrown down at the moment, a point of which use 
can be made to distinguish strontium from barium, 
a very dilute solution of a sulphate being of course 
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employed as a precipitant; a saturated solution of 
gypsum is a convenient strengtL We should be wrong 
in assuming, however, that it is the actual formation of 
sulphate which goes on so comparatively slowly ; on 
the contrary, the latter is formed at once, as is shown 
by the measurement of the electric conductivity on 
mixing dilute solutions of strontium hydroxide and 
sulphuric acid together. The cause of the tardy pre- 
cipitation is an ordinary super-saturation phenomenon. 
^r In the Bunsen flame strontium gives a crimson 
I coloration, the spectrum being like that of calcium 
somewhat complex ; a blue line in the latter is specially 



) 



\ 



characteristic. The chloride is the best strontium com- 
pound to use for the purpose, the spectrum indeed only 
showing in some cases after the test-substance has been 
moistened with hydrochloric acid. 

4. Barium 

Of all the sulphates of the alkaline earth metals, 
that of barium is the most insoluble. It therefore 
serves generally for the recognition and separation 
of the ion SO^, in whose presence barium salts give 
rise to a fine powdery white precipitate. This pre- 
cipitate is scarcely more soluble in dilute solutions 
of acids — even of strong ones — than in pure water 
alone. Since barium forms no complex ion, there is 
' no aqueous solvent for the sulphate, which may 
therefore be considered the most insoluble of all 
precipitates. 

In order to separate barium from strontium (whose 

recognition it hinders), it is either precipitated by 

/ hydro-silicofluoric acid, which does not throw down 

( strontium, or by a neutral soluble chromate. Hydro- 



silicotiuoric being a tolerably strong acid, its barium 
salt is but little more soluble in dilute acids than iu 
water; for the opposite reason barium ehromate dis- 
solves in strong acids, hence its precipitation must 
take place either iu a neutral or an acetic acid 
solution. 

The two elements may also be separated by 
applying the laws for the equilibrium of soluble and 
insoluble salts which have just been explained. A 
solution which contains approximately equal equi- 
valents of soluble carbonate and sulphate has no effect 
upon sulphate of barium, while it readily transforms 
sulphate of strontium into the carhonate. If then 
both metals have been precipitated as sulphate, the 
precipitate can be converted into a mixture of barium 
sulphate and strontium carbonate by digestion with 
the solution named, and then the strontium carbonate 
dissolved out by hydrochloric acid. 
I I Barium salts impart a greenish colour to the Buvsm, 
■flame, and the spectrum is found to consist of a large 
number of bands (not lines). 



I the normal divalent ions, magnesium can 
form complex ions with ammonia, and it therefore 
shows reactions in alkaline solution, in the presence of 
ammoniacal salts, which differ from those of the other 
alkaline earth metals. In acid solution it resembles 
the others for the moat part 

Magnesium hydroxide is a distinctly weaker base 
than the other hydroxides of this group ; it is incapable 
of forming the normal carbonate with carbon dioxide 
in presence of water, the hydrolytic action of the latter 
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giving rise to a mixture of carbonate and hydroxide. 
On precipitating in the cold, soluble bicarbonate re- 
mains in solution in large quantity, and only separates 
out upon warming. 

The hydroxide of magnesium is indeed soluble 
enough to turn red Htmua paper blue, but becomes 
so sparingly soluble in the presence of excess of alkali 
that this can be made use of for its quantitative 
separation. 

If to a solution of magnesium salt an excess of 
ammonia is added, the hydroxide only separates parti- 
ally, owing to the formation of the complex magnes- 
ammonium ion, Mg(N'H3)2. The hydroxide of this 
latter is unstable, and even the neutral salts are only 
permanent in presence of excess of ammonia. Hence 
ammonia yields no precipitate if an excess of am- 
moniacal salt has been previously added. Even caustic 
alkalies fail to produce a precipitate under those con- 
ditions, i.e. so long as sufficient ammonium salt is 
present; an excess of alkali, however, drives out the 
ammonia, especially on boUing, and then the precipita- 
tion is complete. 

Magnesium is best estimated by precipitating the 
ammoniacal solution with the phosphate of an alkali 
metal, when ammoniuia - magnesium phosphate is 
thrown down. This precipitate being decidedly soluble 
in water, dilute ammonia has to be used in washing 
it; for, since ammonia is a dissociation -product of 
the precipitate, the latter is less soluble in ita presence 
than in pure water alone. 

Salts of magnesium give no coloration to the 
1 1 Bwnscn flame. 



FOUNDATIONS OF ANALYTICAL CHEMISTRY 



6. Appendix 

Almniniwm.. — The trivalent ion of aluminium ha3 
only a weakly basic character. All ita salts show an 
acid reaction, and those with weak acids break up — 
when their solutions are boiled — into basic salts which 
separate out, and free acid which remains in solution. 
The hydroxide has no action upon litmus paper. 

Aluminium hydroxide behaves with respect to the 
soluble bases in exactly the opposite way that hydroxide 
of magnesium does, for it is insoluble in ammonia 
but soluble in potash and soda. The solubility in these 
arises from its being able to act as an acid, the ions of 
which are 3H" and A!0^"'; in the formation of the 
latter the Al-iona are used iip, and consequently the 
hydroxide must pass into solution. 

There is a point in which aluminium differs from 
the metals which have been already considered, but 
which we shall find repeated in most of those that 
have still to be spoken of, viz. the precipitation of the 
hydroxide is prevented by the presence of non-volatile 
organic acids. The cause of this in every one of these 
cases is the formation of complex compounds through the 
entrance of the metal into the hydroxy! of the acid. 
For, the non - volatile organic acids which show this 
action, all contain hydroxyl ; and that the hydroxyl 
is really at the root of the phenomenon is proved by 
the fact that this precipitation is also hindered by 
non - acid substances, if these latter contain several 
hydroxyl groups, e.g. sugar, glycerine, etc. 



CHAPTEE IX 

TUB METALS OF THE IRON GROUP 

1. General Properties 

The metals of the iron group fonn compounds witli^ 
sulphur which are decomposed by dilute acids but not. \ 
by water. They are therefore brought down by sulphide\ ■ 
of ammonium, but not by sulphuretted hydrogen in an W 
acid solution. 

The laws which regulate the solubility of the 
metallic sulphides in dilute acids are the same as 
those which hold generally for the solubility of the 
salts of weak acids (p. 81), only here the conditions 
are simplified in that — sulphuretted hydrogen being a 
gas — the concentration of its solution cannot exceed a 
certain limit which is dependent upon the absorption- 
coefficient, at least so long as it is used at atmospheric 
pressure. If it is employed under higher pressure, zinc 
(for example) can be precipitated by it even from an acid 
solution; on the other hand, when the conditions are 
such that the sulphuretted hydrogen exerts only a 
certain very small pressure, the sulphides of lead and 
antimony {e.g!) become soluble in acids. The natural 
regulation of the concentration arising from sulphuretted 
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hydrogen beiug a gas is one great reason of its value ii 
analytical chemistry. 

The solubility in acids of those sulpliidea of the 
metals which ai'e insoluble in water depends upon the 
connter-ioDiaing iuflneoce wliich these acids exert upon 
the sulphuretted hydrogen, and is therefore proportional 
to their strength or degree of ionisation. It thus in- 
creases with increasing concentration of the acids. 
Both of these statements can be conjoined in the one 
— that the solvent action is proportional to the con- 
centration of the hydrogen ions in the solution. As 
the hydrogen ions become augmented the sulphur ions 
diminish, and solid sulphide must pass into solution in 
order that equilibrium may be re-established. 

For the rest, the metals of this group form for the 
most part divalent ions of the magnesium type, but 
some of them also trivalent ions of the type of 
aluminium. The tendency to form complex ions is 
rather pronounced, and the result of this is a number 
of anomalous reactions. Cyanogen aud ammonia in 
particular take part in the formation of such com- 
pounds. The precipitation of the hydroxide is pre- 
vented in every case by the presence of nou-volatile 
organic acids. But these do not prevent the precipitation 
by ammonium sulphide, this being explained by the 
solubility of the sulphides being much smaller than 
that of the hydroxides, i.e. by the concentration of the 
metallic ions. 

2. Iron 

Irou forms an unusually large number of differeut 
ions. Apart from the fact that it can exist alone either 
as a divalent or trivalent positive ion, it shows a pre- 
dilection for building up complex ions of various kinds. 



some of wliicli are remarkably stable. Every iron 
compound can, however, be converted into fen'oiia 
sulphate, a salt of divalent iron, by heating with 
sulpliui-ie acid; if at the same time oxidising agents 
are present, ferric sulphate is produced, which can be 
readily recognised by its characteristic reactions. 

The ferrous ions follow those of magnesium in 
most of their reactions. They give an amorphous 
hydroxide, which passes very readily into the hy- 
droxide of the trivalent iron, the colour being tliereby 
changed from white . through greenish - black to 
yellow-brown. They also form a sparingly soluble 
feiToua-ammonium phosphate, which is produced under 
similar conditions to the magnesium compound. Iron 
differs mainly from me^nesium in being precipitable 
by sulphide of ammonium, which gives a greenish-black 
precipitate of hydrated ferrous sulphide, soluble in 
even very ddute acids. This therefore never comes 
down in acid solutions ; even the " neutral " salts of 
iron possess as a rule a sufficiently acid reaction to 
prevent the production of the precipitate. In very 
dilute solutions the precipitate is obtained in colloidal 
form, into which the ordinary sitlphide also soon passes 
upon washing ; on account of this, and of the readiness 
with which it undergoes oxidation, it cannot be made 
use of for the ultimate quantitative separation of iron. 
For the latter purpose the iron is always first converted 
into the ferric state, and precipitated as the reddish- 
brown ferric hydroxide; the precipitation must be 
done in a warm solution, otherwise basic salts are 
formed, and it is incomplete. Potash and soda cannot 
be taken for this, for ferric hydroxide adsorbs these 
abundantly, and it is impossible to get rid of them 
entirely by washing. If, therefore, for any reason 



potaali or soda lias to be used iu tlie first instance 
for precipitation, the precipitate must — after filtration 
— be redissolved in hydrochloric acid and thrown 
down again by ammonia. There being now only a 
very minute quantity of sohd alkali present, the 
adsorption may he disregarded. 

The ferric ion resembles that of aluminium in its 
reactions. Like the latter it is a very weak base, 
unable to form a carbonate in aqueous solution. The 
salts, even those of strong acids, are more or less 
hydrolysed in aqueous solution into free acid and 
colloidally dissolved ferric oxide ; and this decom- 
position increases rapidly with rise of temperature 
until — when the acid is a weak one — the iron ia 
completely separated. Should the acid be strong, the 
same result can readily be attained by adding sodium 
acetate to the solution. In this case it is especially 
important to filter hot, since a large part of the oxide 
would otherwise pass into solution upon coohng. The 
method is followed when for any reason it is inadmis- 
sible to make the solution alkaline. 

Sulphuretted hydrogen reduces the ferric ion to 
the ferrous with separation of sulphur, which renders 
the liquid milky; sulphide of ammonium gives a pre- 
cipitate of greenish -black hydiated ferrous sulphide, 
or — in very dilute solution — a black-green coloration. 

Of the complex ions containing iron as a constituent, 
the compounds with cyanogen — feriocyanogen and 
ferrieyauogen-^are of special importance. They are 
among the most stable of alt compound ions. The 
amount of iron ion present in their solutions is less 
than in the aqueous solution of even the least soluble 
iron salt, so that all the compounds of iron dissolve in 
cyanide of potassium. It is true tliat this solution 
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does not take place instantaneously (as we invariably 
iind when dualing with a reaction which la not a 
purely ionic one), but still it goes on quickly enough 
to he applied in analysis. The solution in potassium 
cyanide does not show a single one of the ordinary 
reactions of iron, tliis being a necessary consequence of 
the condition first referred to. 

We have thus the remarkable circumstance that 
iron can be tested for by means of a reagent which 
contains iron itself. The ferro- and ferricyanides of 
the heavy metals are sparingly soluble and usually of 
brilliant colour. With ferrous salts ferrocyanogen 
gives a white precipitate which rapidly becomes blue 
by oxidation, and with ferric salts a dark blue pre- 
cipitate ; ferricyanogen yields a blue precipitate with 
ferrous salts, but only a dark brown coloration with 
ferric, fbJB last colour being due to the non-ionised 
portion of the ferric ferrocyanide produced. All those 
precipitates are amorphous and pass very readily into 
a colloidal mud, hence they cannot be washed ; they 
are therefore only suited for quahtative and not for 
quantitative purposes. 

Iron in tlie ferrous state can be estimated volu- 
metrically with great ease and exactitude by means of 
potassium permanganate ; should the iron in the 
solution be ferric, it must first be reduced, this being 
most conveniently done by zinc dust free from iron. 
The process depends upon the transformation of the 
ferrous into the ferric ion on the one hand, and the 
conversion of the permanganate into manganoua salt on 
tEe other, thus — 

SKMnO^ + lOFeSO^ -|- 8H„S0^ = 
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One combinmg weight of permauganate is therefore 
ec[ual in this case to five atoms of iron. The solution 
must he acid with sulphuric acid, but not with hydro- 
chloric, since permanganate oxidises the latter in 
presence of iron salts. It is a catalytic reaction which 
goes on here, but very little is known yet of the laws 
which regiilate it. The fact that oxalic acid can be 
titrated with permanganate in hydrochloric acid solu- 
tion with perfect sharpness and without a trace of 
chlorine being set free, shows that the reaction above- 
mentioned is not due to the hydrochloric acid and 
permanganate alone. 



3. Chromium 

Tlie foiTuation of complex ions is shown even more 
by chromium than by iron, for, besides the di- and 
trivalent cathion Cr, we have the divalent anion of 
chromic acid CrO^, and the likewise divalent anion of 
dichromic acid Cr^O,. The two latter are to be looked 
upon as absolutely distinct compounds. 

For the purposes of analysis it is unnecessary to 
consider the divalent ciiromium ion, for it changes so 
readily into the trivalent, that it can in fact only be 
ohtamed when special precautious are taken. The 
trivalent chromium ion resembles in its behaviour the 
other trivalent ions of aluminium and ferric iron, 
being somewhat weaker than the first and somewhat 
stronger than the second. Various bases of the 
general composition, nCrO^Hg — mH^O result from 
chromic oxide by condensation, and these ai-e to be 
looked upon as the hydroxides of compound chromium- 
oxygen ions. That we have to do with new ions 
liere, and not merely with basic salts, is shown by the 
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change in colour and in analytical properties, and by 
the fact that the conversion of the one kind of salt 
into the other takes place gradually and not instan- 
taneously. It is also of importance for practical 
analysis that chromic oxide combines very readily 
with polybasic acids to form complex acids, which 
show neither the reactions of chromium nor those of 
the acid in question. This takes place very easily 
with sulphuric acid, for example ; when chrome alum 
is heated, the potassium salt of a chromi- sulphuric 
acid is formed, whose aqueous solution does not give 
the tests either for chromium or for sulphuric acid. 
Such compounds are readily decomposed by fusion 
with alkaline carbonate. 

Chromic oxide dissolves in alkalies to a green 
solution, for the same reason that alumina dissolves in 
these. Precipitation takes place when this solution 
is boiled, because a less highly hydrated oxide is 
produced, in whose solution the chromium ions have 
a smaller concentration than in the alkaline liquid. 
The latter is, therefore, super-saturated with respect 
to this second oxide, which must consequently come 
down. Ammonia dissolves only traces of chromic 
oxide ; the complex chrom- ammonium compounds, 
of which a great number are known, are formed in 
another way. Unlike potash and soda, ammonia is 
too weak a base to form a salt in this case. 

The ion CrO^ of chromic acid is yellow in colour, 
and the solubility of the chromates is somewhat the 
same as that of the sulphates. This ion is only stable 
in a neutral or basic solution; when it meets with 
hydrogen ions, two of these act upon two of the CrO^ 
ions, with the formation of water and of the ion CrgO^, 
which has a red colour. In consequence of this, 

L 



chromic acid is a weak acid, and the chromates which 
are sparingly soluble in water dissolve readily in 
acids. Barium chromate is unsuited to the separa- 
tion of chromic acid, as it cannot be washed weU ; 
mercuroua chromate is better, but must be washed 
with a solution of the nitrate, on account of ita solu- 
bility, Wheu it is ignited, chromic oxide is left 
behind. 

Chromium forma complex ions with cyanogen 
similar to those of iron and cyanogen, but less stable. 



4. MaiigaAicse 

Unlike chTomium, the divalent manganese ion is 
the more stable ; the trivalent ion is so weak that its 
salts are incapable of existing in aqueous solution, 
Iffiing immediately decomposed by hydrolysis. There 
are only a few manganic salts which exist as well 
defined compounds, — the phosphate more particularly. 

The mauganoua ion is pale pink in colour, and 
approximates more to magnesium in properties than 
to any other element ; its behaviour towards ammonia 
in particular agrees almost perfectly with that of 
The ammoniacal manganese solution 
i, however, muddy with a brownish precipitate 
on exposure to the air, from the separation of in- 
soluble manganic hydroxide. 

Manganous sulphide is the most soluble of all the 
metallic sulphides of this group, and therefore only 
separates with sufficient completeness in presence of 
excess of ammonium sulphide, and after prolonged 
standing ; it must also be washed with water con- 
taining sulphide of ammonium, to prevent any going 
into solution. Further, its precipitation is prevented 
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by very small liuantities of acids, even coiniiaratively 
weak ones. 

Manganese forms with oxygen two different ions 
of the fornmla MnO^, whicli have the same composi- 
tion, and only differ in their valenciea, the one being 
mono- and the other divalent Notwithatandmg 
their identity in composition they possess very different 
properties. The monovalent ion MnO^ has an intense 
red colour, and resembles the ion of perchloric acid 
in its behaviour, while the cUvalent ion is as intensely 
green, and shows an analogy to the ion of sulphuric 
acid. Divalent MnO^ is only stable in an alkaline 
solution; in an acid one it passes into the mono- 
valent ion Since half of the hydrogen ions must 
disappear in this latter case, the requisite oxygen is 
taken from another portion of the compound, which 
is thereby reduced to manganese peroxide. 

The pronounced colours of the manganates and per- 
manganates afford a convenient means for the recog- 
nition of any kind of manganese salt ; the latter ia 
converted into manganate upon fusion with sodium- 
potassium carbonate, the bright green colour of the 
fused mass showing the presence of manganesa Per- 
manganic Rcidjia formed when manganese compounds 
are warmed with nitric acid and peroxide of lead, the 
Uquid thereby becoming red. Chlorine compounds 
disturb this reaction, and must therefore be separated 
beforehand. 

On account of its rapid oxidising action potassium 
permanganate is much used for the volumetric deter- 
mination of oxidisable substances like iron, oxalic 
acid, etc. Iron is oxidised by it almost instantane- 
ously, but oxahc acid requires a measurable time 
for the action to complete itself ; towards the end of 
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the titration the rate of reaction increases very dis- 
tinctly. Tliia arises from the accumulation of man- 
ganese salt (from the reduction of the permanganate), 
by which the action is hastened catalytically ; the 
same quickening elTect is noticeable if some man- 
ganoua sulphate is added before the titration is begun. 
An excess of free acid likewise facilitates tliis process 
in proportion to the degree of concentration of the 
free hydrogen ions. 

The strong colour of the permanganate itself 
renders the use of any indicator unneceHsary ; this is 
in fact one of tlie few cases of titration without an 
indicator. 

The permanganate ion can be detected by the spec- 
troscope with still more delicacy than by the naked 
eye. Its spectrum, whicli is shown equally by solu- 
tions of every salt of the acid, seeing that the same 
coloured ion is present in each, contains five dark 
bands in the yellow and green, and shows distinctly at 
a dihition when the colour is imperceptible by the 
eye alone. 



5. Cobalt and Nickel 

111 cobalt and nickel we no longer find the capacity 
for forming trivalent ions. They do, it is true, form 
higher oxides ; these are, however, not of a basic 
nature, but of the character of peroxides, being in- 
soluble in dilute acids, and giving off chlorine with 
hydrochloric acid. 

In these metals we have therefore to deal only 
with divalent ions, besides with some complex com- 
pounds possessing special properties of reaction. The 
cobalt ion is red, and that of nickel emerald green. 
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The non- ionised cobalt salts are for the most part 
dark blue; hence, as their solutiona become concen- 
trated, all the causes whicii go to diminish ionisation 
tend to change the colour from red to blue. Warming 
on the one hand, and the addition of strongly ionised 
salts with a like ion on the other, are among those 
causes. The action is best seen by adding con- 
centrated hydrochloric acid to cobalt chloride. Al- 
though it is contrary to the generally prevailing 
view, there is no contradiction in ionisation being 
reduced by warming ; this has in fact been often 
proved for the case of ionic dissociation. 

Cobalt and nickel show a striking peculiarity in 
that, while their salts are not thrown down by sul- 
phuretted hydrogen from au acid solution, the sul- 
phides, after being once precipitated, are no longer 
soluble in dilute acid. This anomaly has still to be 
explained. It may however be surmised, on the one 
hand, that the sulphides undergo a change into a less 
soluble form immediately after precipitation, and on 
the other that they only exist in a sparingly soluble 
form, but that exceptionally persistent super-saturation 
phenomena in respect to the metallic sulphide in 
course of formation are produced in the acid solution. 
The latter of the two conjectures is the less probable, 
seeing that the sidphides are precipitated without any 
difficulty from an acetic acid aolution. An investiga- 
tion directed to the clearing up of this anomaly would 
be of some interest. 

The capacity of forming complex iona is mort 
developed in cobalt salts than in those of nickel, and 
upon this difference are based the methods for separat- 
ing the otherwise very similar metals. The most 
convenient of these methods consists in treating the 
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mixtid solutions with nitrite of potassiiiin iii acetic 
a^id solution. Pota.saiuni-cobalt nitrite is thus formed, 
ot^more correctly — tlie potassium salt of a nitroao- 
cobaltic acid, a salt which is insoluble enough in 
presence of excess of potasaic nitrite. This precipitation 
goes on but slowly, and the liquid must therefore be 
allowed to stand for several hours in order that the 
separation may be practically complete. This is a 
proof that we have to do here with the formation of 
a complex salt, and not with an ordinary ion reaction. 
Nickel gives no such insoluble compound under the 
circumstances. 

Another method of separation is based upon the 
different behaviour of the complex cyanogen com- 
pounds. That of cobalt is extremely stable, and is 
not decomposed by acids even on boiling, while the 
corresponding nickel compound precipitates under those 
conditions the sparingly soluble nickelous cyanide. 

The same difference in the stability of the com- 
plex ions shows itself in the ammonium compounds. 
Both metals are precipitated by ammonia from their- 
solutions as hydroxide in the first instance, which 
rediasolves in excess of the reagent. While, however, 
the nickel- ammonium compounds are so readily decom- 
posable that in the solid state they lose ammonia in 
the air, those of cobalt become oxidised to stable 
complexes which are unaffected even on warming with 
alkali. The compounds just mentioned belong, too, to 
quite different types. 



Zinc forms only divalent ions ; liigher oxidation 
products are unknown in its case. Zinc hydroxide 



ZINC 



151 



may give up liydrogen as an ion, whereby the very 
faintly acid ion ZnO^" is prodnceii, and we also find 
zinc as a constituent of complex ions along with 
cyanogen, ammonia, etc. 

Accordingly zinc oxide, which is insoluble in 
water, dissolves in potash and soda as well as in 
ammonia. The reason for this is, however, different 
in the two cases, the solubility being due in the first 
to the formation of the ion ZnO^, and in the second 
to the production of complex zinc -ammonium ions. 
These latter are much more stable than the correspond- 
ing magnesium ones; hence the hydroxide is not split 
up hydrolytically, and zinc oxide dissolves in ammonia 
although no excess of ammonium salt is present. 

Sulphide of zinc is less soluble than the other 
sulphides of this group. The greater part of the zinc 
separates out when sulphuretted hydrogen is passed 
through solutions of neutral zinc salts of the strong 
acids. 

It depends upon the nature of the acid of the zinc 
salt how much zinc will still remain in solution. For 
the equilibrium of the solution with the solid zinc 
sulphide is determined by the product of the con- 
centrations o£ the zinc and sulphur ions ; and 
sidphuretted hydrogen being a very weak acid, the 
concentration of the sulphur ions is inversely propor- 
tional to the concentration of the free hydrogen ions 
of the acid which has been liberated. For tlie reasons 
given on p. Ili9, the concentration of the total amount 
of sulphuretted hydrogen may be considered as being 
constant. The less therefore the acid ionises and 
the more concentrated the solution of zinc salt is, the 
less zinc escapes precipitation. Further, since the 
ionisation of weak acids can be lowered at will by 
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the addition of their neutral salts, the well-known old 
method of precipitating zinc in presence of an excess 
of sodium acetate is thus shown to be theoretically 
justified. 

In order to completely prevent the precipitation of 
zinc salts by sulphuretted hydrogen, it is necessary 
to add a sufficient quantity of a strong acid. The free 
hydrogen ions of this then lower the ionisation of 
the hydrogen sulphide to such an extent that the 
value of the solubility -product is never reached, in 
spite of there being an abundance of zinc present. 
The amount of added acid must of course be approxi- 
mately proportional to the amount of the zinc salt. 



CHAPTEE X 

THE METALS OF THE COPPER GROUP 

General Properties 

The metals of this group are distinguished from those 
of the iron one by the insolubility of their sulphides 
in dilute strong acids. From what has been already 
said, this difference is merely one of degree; the 
intermediate stages that we should expect .are to be 
found in cadmium and lead. For the rest, the metals 
of this group differ very considerably among each 
other, so that it is hardly possible to give a general 
description of them. 

Some of the metals of which we have to speak 
here belong to the so-called " noble " metals, and we 
might also refer to the others as being " nobler " than 
those of the iron group. This word, although indefinite, 
gives expression to a perfectly definite property 
of the metals, which may be termed their ionisation 
tendency, the measure of the latter being the free energy 
given out through the transition of an equivalent of 
the metal into the ionic state. The greater this is, 
the more easily and quickly will the metal pass into 
the ionic condition, and mce versd. This tendency has 
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its greatest value in the case of potassium; i 
smaller with aluminium, zinc, tin and cadmium, almost J 
zero with lead, and negative in the ease of copper, f 
antimony, bismuth, silver, gold, etc., i.e. free energy i 
is given out when the ions of the latter metals chf 
into the ordinary metallic state. The point at which 
the noble nietala begin is not, however, determined by 
this, but by whether or no the metal is oxidised by i 
free oxygen. 

It is thus apparent that the metals with positive I 
ionisation tendency are those which dissolve in acids 
with the evolution of hydrogen ; this arises from the 
fact that the ionisation tendency of hydrogen ia almost 
zero. In other respects the order of ionisation tend- 
ency is the same as that of the electro-chemical series of 
the metals, of which latter it is the exact expression. 

Certain metala in particular solutions show devia- 
tions from the ordinary electro -chemical series. This 
always arises when the metal in q^uestion dissolves in the 
liquid to a complex compound, and the displacement 
is invariably in the direction of the metal comporting 
itself as if it were less noble. The reason of this ia 
that the q^uantity of free eneigy referred to above ia 
here inversely as the concentration of the ions in the 
liquid ; it is greater the smaller this concentration 
becomes. If, therefore, there is present in the liquid 
a reagent which takes up the ions to the same extent 
aa they are produced, an increased ionisation tendency 
remains perraaneut and the metal behaves like a less 
noble one. The converse of this cannot occur, for, 
although the concentration of the ions can be reduced 
to any degree, an insurmountable limit to their 
increase is very soon reached because of the limited 
solubility of the metallic salt; consequently there ia 



no displacemont of the position of the metal in the 
direction of the nobler ones. 

The moat striking phenomena of this kind are 
ahown by cyanide of potassium. After what has been 
already stated, it is hardly necessary to say that this 
is due to the unusual facility with which cyonc^en 
fonns complex compounds with the metals. 

1. Cadmium 

Cadmium is very like zinc in its reactions, only its 
sulphide is less soluble, and therefore precipitates more 
completely from an acid solution than that of the 
latter metal On the other hand, it requires a very 
considerable concentration of free acid to prevent the 
precipitation or to redissolve the precipitated cadmium 
sulphide. In other points the laws given for zinc 
sulphide hold good for the sulphide of cadmium. 

In another respect we find here a phenomenon 
which is slightly indicated by zinc, more distinctly by 
cadmium, and which has a decisive iuiluence upon the 
reactions of mercury, viz. the small ionisation of the 
halogen compounds. While no difference in tliis 
respect is noticeable between the oxygen and the 
halogen salts of the metals that have been already 
mentioned, we find a difference here, and it is necessary 
to bear this difference in mind if we would diacusa 
the analytical behaviour of the metals properly. 

The action which a slight ionisation of a soluble 
salt exerts is tliis : sparingly soluble precipitates are 
produced in its solution more imperfectly and with 
greater difficulty, and such precipitates are much more 
sohiblc in the reagents which go to build up the 
weakly ionised salt {e.ff. in the corresponding acids). 
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than would be the case under ordinary conditiona. I 
This (iiffurence is not yet very distinct in tho case of 1 
cadmium ; the chloride comports itself in almost | 
exactly the same way as the other salts do, and only 1 
the iodide — which ionises least^^ahows measurable 
deviations. Hydriodic acid dissolves cadmium sul- 
phide much more abundantly than either hydrochloric 
or nitric acid of equal concentration, and a solution 
of iodide of cadmium can only be precipitated slowly 
and incompletely by sulphuretted hydrogen. Hittorf 
pointed this out a considerable time ago, but it can 
be explained only by the dissociation theory. 

Cadmium has not much tendency to form complex 
ions. The hydroxide is indeed soluble in ammonia, 
but the sparingly soluble salts like the carbonate are 
not so in any considerable degree. Tlie complex 
cyanogen compound too, whose potassium salt has the 
composition K„Cd(CN)^, is less stable than many 
similar substances, i.e. the ion Cd(CN)^" is split up 
into Cd" and 4CN' to a sensible extent. For, in 
spite of the relatively great solubility of cadmium 
sulphide, this complex cyanide is decomposed by ' 
sulphuretted hydrogen with separation of the sidphide ; 
cadmium ions arc thus present in materially greater 
concentration in its solution than in the aqueous 
solution of cadmium sulphide. 



Copper can form mono- and divalent ions — <jupron8 
and cupric. The monovalent resemble those of silver 
and the monovalent mercury ions, while the divalent 
are like those of the magnesium group. Tho one ion 
readily clmnges into the other. 
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Of the salts of monovalent copper — the cuprous 
salts — only the halogen compounds are known, and 
these become less soluble with increasing weight of 
the halogen. The iodide is sufficiently insoluble to be 
made use of for the analytical separation of copper. 
When iodide of potassium is added to a cupric salt, 
the cupric and iodine ions react with one another to 
produce cuprous iodide and free iodine thus : 

Cu-- + 2rzCuI + I. 

The reaction is imperfect, as the reverse process may 
go on at the same time ; in order to make it complete, 
one of the products of the reaction must be removed. 
Sulphurous acid is therefore added, which converts the 
iodine into iodine ions (i.e. hydriodic acid) ; the 
concentration of one of the compounds on the left- 
hand side of the equation-formula is thus raised at the 
same time, and the separation of the sparingly soluble 
salt made more complete. 

Advantage may be taken of the same reaction to 
separate the iodine from a mixture of halogen com- 
pounds by distilling the latter with an excess of 
sulphate of copper. The reaction is completed in this 
case by the mechanical removal of one of the two 
resulting products (the free iodine). 

Similar processes go on when cupric ions meet 
with those of cyanogen or thiocyanogen. In the first 
case, as in that of iodine, half of the cyanogen is set 
free and escapes as gas. In the second, complex 
decomposition products result, unless care is taken to 
reconvert the thiocyanogen into the ionic state by 
adding some reducing agent. 

The opposite process — the conversion of cuprous into 
cupric ions — takes place when cuprous oxide is treated 
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witli strong oxygeii acids. We have thus the reaction : ] 
2Cii- = Gu" + Cu; 

i.e. two monovalent cuprous ions are transformed into ] 
one divalent cupric ion and metallic non-ionised copper. I 
By following acme suitable procedure {<'.<j. by the 1 
interaction of silver sulphate with cuprous chloride), it 1 
should be possible to obtain dissolved cuprous si 
in very dilute solution, but so far as I am aware this 
s not yet been tried. 

Copper also forms two sulphides corresponding to i 
the two oxides, but the second is not obtained pure la ' 
aqueous solution, the precipitate consisting in part of ] 
cuprous sulphide mixed with sulphur. So when 
copper is estimated quantitatively as cupric sulphide, 
the latter must be ultimately reduced to the cuprous 
salt by ignition in a current of hydrogen. 

Although cupric sulphide is far less soluble than 
sulphide of cadmium, its precipitation can nevertheless 
be prevented by hydrochloric acid of medium con- 
centration. In such a ease the sulphide can then 
be trought down by dilution with water, as this lowers 
the concentration of the hydrochloric acid, while that 
of the sulphuretted hydrogen remains the same — 
assumiug that the gas continues to be passed through 
the liquid to saturation. 

Both of the copper ions, mono- and divalent, form 
complex ions with ammonia ; the first are colourlraa, 
but imdergo oxidation very quickly into the second, 
which are blue. These compounds are so stable that 
most of the sparingly soluble copper salts dissolve in 
ammonia, the sulphide being an exception. Copper 
also enters with equal readiness into the hydroxyl of 
organic and inoiganic hydroxy-compounds, from which 



— excepting by sulphuretted hydi-oyen — it cannot be 
thrown down by the ordinary precipitants. 

Of tlie complex compoimds, the cyanogen-cuprous 
ion is dissociated to an exceptionally small extent into 
copper ions. Consequently all copper salts, including 
cuprous sulphide, are soluble in an excess of cyanide of 
potassium. Tliis distingitialiea copper from all the 
other metals of the group. 

3. Silver 

Silver forms — as such — only monovalent ions, but 
it has a great tendency to build up complex ions. It 
is characterised from an analytical point of view by 
the great insolubility of its halogen salts, which 
increases with the atomic weight of the halogen. 

If we throw down a mixture of halogen compounds 
of different solubilities with (an insufticient quantity 
of) nitrate of silver, the precipitate will contain chiefly 
the halogen of higher atomic weight But it is im- 
possible to effect a complete separation of the latter 
ia this way, for the halogen ions remain in the 
liquid in the ratio of the solubility - products of 
their silver compounds. If in a solution like sea 
■water, for example, a Hmall quantity of bromine is 
present along with a large quantity of chlorine, 
the former is precipitated very incompletely indeed 
by the addition of silver nitrate. In such a case 
I it is first necessary to raise as far as possible the 
y ratio of bromine to chlorine in the liquid under 
, examination, e.g. by evaporating down and extracting 
the residue of dry salts with alcohol. If we could be 
certain that the precipitate was in the right chemical 
equilibrium with the liquid, the amount of bromine 



rcmainiDg in the solution could Ije calculated, 
that it must then form a perfectly definite fraction of 
the chloiine present. It is assumed here that the 
bromine is present in not less quantity than corresponife 
to the equilibrium. Should this not be the case, the 
precipitate will consist of pure chloride of silver; and 
this can be applied to test whether the condition just 
mentioned has been fulfilled or uot. 

Silver combines with ammonia to a complex ion 
which contains four molecules of the latter to one atom 
of silver. This compound is among the more stable of 
its kind ; in its solution the silver ions have a smaller 
concentration than in tlie aqueous solution of silver 
chloride, which follows from the solubility of the latt 
iu ammonia. In the case of silver bromide 
solubility is approximately such that the concentratior 
of the ions are equal. Iodide of silver is decidedly 1& 
soluble, and is therefore hardly dissolved by ammonj 
in a measurable degree. 

The complex ion which silver forms with the anio 
of the thiosulphates is even somewhat more 
than the ammonia compound, the silver uniting directij 
with the sulphur. Hence sodium thiosulphate ce 
dissolve not only all the silver compounds that ai 
soluble in ammonia, but also some which are m 
soluble, or at least very sparingly so, e.g. silver bromid 

The most stable of the complex silver compoum 
is the silver cyanide ion, which has the coe 
position Ag(CN)/'. It is formed so quickly ar 
easdy that the reaction can be used for the titrati< 
of cyanogen. The liquid is made alkaline and 
solution of silver nitrate run in ; so long as th 
cyanogen ions are present in excess the solution 
remains clear, but as soon as the ratio of one atom of 



silver to two molecules of cyauogen become.^ exceeded, 
silver cyanide is thrown down. 

Cyanide of potassium diasolvea all the salta of 
silver with the exception of the sulphide, the latter 
being — next to sulphide of mercnty — the most in- 
soluble sulphide of this group. The behaviour of 
silver salts with the thiosulpliates has already shown 
us what a great affinity silver has for sulphur. For 
the same reason metallic silver decomposes sulphuretted 
hydrogen, with liberation of hydrogen, just as zinc 
breaks up hydrochloric acid ; the character of the 
" noble " metals bos entirely disappeared here. Silver 
must also dissolve in a solution of cyanide of potassium 
with evolution of hydrogen ; experiments in this direc- 
tion show in fact a distinct solubility. 

Silver salts are always used to test for the halogens, 
although — as already stated — they only react when 
these are present in the state of ions. The slow 
precipitation that salts of silver give with organic 
halogen compounds (which cannot be regarded aa salta 
in the ordiuaiy sense), seems to rae a proof that even 
such compounds can be dissociated in minute degree. 



4. McTcury 

Mercury forms mono- and divalent ions, the former 
resembling the ions of silver, and the latter those of 
cadmium. There are also many similarities between 
mercury and copper. A special characteristic of 
mercury is its tendency to form compounds of low 
ionisation, wliieh gives rise to a great number of 
" abnormal " reactions. 

The monovalent or mercurons ion yields like that 
of silver sparingly soluble halogen compounds, wliose 
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solubilitiea follow the same order as those of the silver 1 
series. They differ from the conespouding silver salts by ] 
the formation of black insoluble ammonia compounds ; 
while silver chloride dissolves in aqueous ammouia, 
meieurous chloride is turned black by it. There are 1 
certain resemblances to copper in respect to the I 
mutual transformations of the mono- and divalent j 
ions, but at the same time some striking differences. 
Thus, while mercurous oxide passes readily into I 
mercuric, the mercuric halides— in contradistinctioii [ 
to the copper compounds^ — are far more stable than I 
the mercurous. Mercurous sulphide has no existence, 
breaking up aa it does at the moment of formation I 
into mercuric sulphide and metallic mercury. Mercuric J 
sulphide, on the other hand, is an exceptionally stable I 
compound ; it is the only sulphide which does not 
dissolve in nitric acid. It resembles to some extent 
the sulphides of the next group in being dissolved by 
sulphide of potassium (although only in concentrated 
solution) in presence of caustic alkali ; it is repre- 
cipitated again on diluting. Sulphide of ammonium 
does not dissolve it. 

The divalent mercuric ion shows itself in the oxygen 
salts — which are dissociated normally — to be a veiy I 
weakly basic ion ; its salts are split up to a great e 
tent hydrolytically in aqueous solution, for a clear j 
solution can only be obtained by having an exi 
free acid present. The halogen compounds, on the other j 
hand, are perfectly stable on dissolving, although in I 
their reactions they deviate in many points from the I 
oxygen salts. The electric conductivity shows that f 
the mercury halides are ionised in an extremely slight \ 
degree, so that their solutions only contain mercury ii 
in very small concentration. We have already seen j 
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that compounds of slight iouiaation always result 
when their constituent ious meet, and so the oxygen 
salts of mercury assume the reactions of the lialides 
whenever they are brought into contact with aoluble 
halogen compounds. A considerable amount of heat 
is given out here, in contradistinction to the ordinary 
behaviour of neutral salts upon interaction, when the 
law of thermal neutrality holda good, and no heating 
effect at all is produced. 

Mercuric oxide acts as a very weak base with respect 
to most acids ; when, however, it is added to soluble 
halogen compounds, the liquid becomes at once strongly 
alkaline. This action is weakest with chlorides and 
strongest with iodides, iodide of potassium being de- 
composed by mercuric oxide to the extent of 90 per 
cent. The reaction depends, on the one hand, upon 
the slight ionisation of the corresponding mercury 
compounds, and, on the other, upon tlie union of the 
latter with excess of the alkaline halide to form the 
alkali salts of very stable mercuric-halogen hydracids. 
The stability of these complex compounds likewise 
increases with increasing atomic weight 

Tlie same cause is at the root of the reverse pheno- 
menon — that tlie mercuric haKdes are only decomposed 
by alkalies with difficulty. Mercuric chloride requires 
a considerable excess of alkali for this, while the iodide 
is not attacked at all. It may, however, be decomposed 
either by sulphuretted hydrogen or by alkaline sulphides. 

Lastly, the same considerations explain the reactions 
on which Liebig's process for the volumetric deter- 
mination of chlorine (as ion) are based. A solution 
of mercuric nitrate iu a certain excess of nitric 
acid gives a precipitate with urea, while none 
ensues between urea and mercuric chloride. The 
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reason of this is tliat more mercury ions are containtfj 
in the first solution, which ia split up hydrolytieallj^ 
than correspond to the solubility - product of the 
sparingly soluble urea compound ; while in the solution 
o£ mercuric chloride the mercuric ions are present in 
very small number only, and the critical value is never 
reached. If. therefore, mercuric nitrate is added to a 
solution containing a chloride together with urea, no 
precipitation takes place so long as there are still 
chlorine ions present to form non-ionised mercuric 
chloride, but after that the slightest excess of nitrate 
produces a precipitate. 

The great affinity of mercury for sulphur causes 
mercuric oxide to react with sodium thiosulphate and 
sodium sulphite in the same way that it does with 
potassium iodide; i.e. a strongly alkahne liq^uid 
results. And a similar action talies place with potassic 
cyanate, thiocyanate and nitrite ; in all these cases 
complex compounds are formed whose dissociation into 
mercury ions is but very small. In organic compounds, 
too, which contain hydrogen combined with nitrogen 
or sulphur, mercury replaces the hydrogen with great 
readiness ; from the solutions of the compounds thus 
formed mercuric oxide is not precipitated by alkali, 
or at least only incompletely. 

The action of iodide of potassium upon mercurous 
salts depends upon similar causes, half of the mercury 
being separated here in the metallic state. The reac- 
tion is like that of acids upon cuprous salts ; two mono- 
valent mercurous ions give one atom of metallic 
mercury and one divalent mercuric ion, the latter 
passing immediately into potassium-mercury iodide. 

When mercuric salts are thrown down by sulphur- 
etted hydrogen, we get at first a white precipitate, 
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which becomes by degrees red, brown, and finally black. 
The white substance is a compound of mercuric sulphide 
with the other mercuric salt still present, the latter 
becoming gradually decomposed by the excess of 
sulphuretted hydrogen. Sulphide of mercury is not 
oxidised by the air, unlike almost all the other metallic 
sulphides, because it is more stable than either the 
oxide or the sulphate, — a point which follows from 
what has been already said. 

In the cyanide mercury forms a complex compound 
of the most stable kind. The electrical conductivity 
of mercuric cyanide is so small as not to be measur- 
able ; and the solution of the salt is not precipitated 
either by caustic alkali or any other reagent, with the 
exception of sulphuretted hydrogen or alkaline sulphides. 
With potassic cyanide it forms the very stable salt, 
potassium mercuricyanide. It may be looked upon as 
the type of compound which is incapable of reaction 
for want of electrolytic dissociation. 

5. Lead 

Unlike mercury, lead has very little inclination to 
form complex compounds; its reactions are therefore 
almost all normal. 

There is only the one kind of lead ion, the divalent; 
the higher oxide of lead is incapable of electrolytic 
dissociation. Like the hydroxide of zinc, lead hydroxide 
can, however, give up hydrogen and thus form an 
oxygenated anion — as follows from its solubility in 
alkalies. But lead does not possess the capacity — so 
general among the heavy metals — of forming complex 
stable compounds with cyanogen and ammonia. The 
only abnormal reaction that we have to consider is the 
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substitution of hydroxylic hydrogen in organic hyd 
compounds. The result of this is tlic formation of ai 
of complex acids containing lead which are soluhle in 
alkaline liquids; the sparingly soluble lead salts 
dissolve, for example, in hasic tartrate of ammonium. 
Sodium tliioaulphate possesses a hke solvent power for 
these, becoming converted by contact with lead salts 
into the salt of a plumbo-thiosulphuric acid, but this 
compound decomposes very quickly with the separation 
of sulphide of lead, so it is not made use of in analysis. 

TJie sulphate serves for the analytical separation of 
leach It has about the same soluhUity as sulphate of 
strontiiim, and one must consequently use a large 
excess of sulphuric acid for the precipitation, the acid 
liquid being ultimately displaced from the filter by 
alcohol. Lead sulphate resembles sulphate of bariimi 
in appearance, but is easily distingnished from the 
latter by its solubility in ammonium tartrate. 

Lead sulphide is not one of tlie most insoluble 
sulphides, its precipitation being prevented by hydro- 
chloric acid of moderate concentration. It must there- 
fore be thrown down in dilute solution. 

The halogen compounds of lead arc not insoluble 
enough to be of much use for quantitative analysis. 
The iodide forms a soluble complex salt with iodide 
of potassium in concentrated solution, which is broken 
up ^ain into its constituent salts by excess of water. 
Hence in a solution of potassic iodide of increasing 
concentration, the solubility of iodide of lead at first 
diminishes on account of the increase in iodine ions, 
and then augments through the formation of the 
complex salt. 
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6. Bismuth 

The type of compounds which it forms places 
bismuth alongside of arsenic and antimony, which 
belong to the next group of metals. But the general 
law — that with increase of atomic weight the acid 
properties diminish — is exemplified in bismuth to such 
an extent that its sulphide can no longer form soluble 
thio-salts with the sulphides of the alkalies. It must 
therefore be reckoned for analytical purposes as be- 
longing to the copper group. 

Bismuth forms a trivalent cathion of very weakly 
basic character. Its salts are aU strongly decomposed 
by water hydrolytically, with the production of 
sparingly soluble basic salts, this reaction being a 
characteristic of bismuth. In many cases the resulting 
compounds are to be regarded as salts of the mono- 
valent ion BiO*, which shows certain points of 
resemblance with the ion of silver or of monovalent 
mercury. The chloride, BiOCl, in particular, not only 
resembles chloride of silver and calomel in its in- 
solubility, but also to some extent in its appearance. 

There is practically no tendency on the part of 
bismuth to form complex salts, neither cyanogen nor 
ammonia exerting any solvent action upon its 
sparingly soluble salts. Bismuth would be the only 
heavy metal which showed no abnormal reactions, 
were it not that the precipitation of oxide is prevented 
by organic liydroxy-compounds in its case also. 



CHAPTER XI 

THE METALS OF THE TIN GROUP 

1. General Properties 

The metals of this — the last — group form, like those 
of the preceding one, sulphides which are insoluble in 
dilute strong acids, but which differ from the others 
by dissolving in alkaline sulphides. This solubility- 
depends upon the production of thio-salts, i,e, salts of 
similar composition to the oxygen ones, but containing 
sulphur in place of oxygen. The alkaline salts thus 
obtained are soluble in water, and break up on addition 
of acid into metallic sulphide, which is thrown down, 
and sulphuretted hydrogen. The free thio-acid is 
really formed in the first instance, but it is unstable 
and immediately breaks up as stated. It may be 
asked why it should do this seeing that the neutral 
salt and free acid both contain the same ion, whose 
stability should not be affected by the mere presence of 
the other ion. The answer is that the other possible 
decomposition products — besides the metallic sul- 
phides — viz. alkaline sulphide on the one hand or 
sulphuretted hydrogen on the other, are dissociated 
very differently ; the last-named, being a very slightly 
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ionised compound, is produced in the greatest possible 
amount, with the result that the complex is broken 
down. An excess of strong acid thus exerts a decom- 
posing action for two reasons — (1) it reduces the 
ionisation of the sulphuretted hydrogen still further 
and so increases the tendency to decomposition, and 
(2) the rate of decomposition is augmented catalytic- 
ally by the presence of hydrogen ions. Lastly, acids 
also check the inclination of the sulphides to pass into 
the colloidal state. We must remember, however, that 
too large an excess of acid has to be avoided, since 
some of the sulphides in question are soluble in strong 
acids. 

The capacity of forming thio-salts is closely conjoined 
with the property of the same metal to give mainly 
oxides of acid character with oxygen. Just as these 
dissolve in alkalies, so do the sulphides dissolve in 
alkaline sulphides. 

2. Tin 

Tin forms divalent ions; its higher oxygen com- 
pound is an acid anhydride, but the existence of tetra- 
valent tin ions is not altogether impossible. The 
properties of the stannous ion are peculiar to itself, 
and they bear no resemblance to those of the ions of 
the other metals already spoken of. The readiness 
with which stannous compounds pass into stannic is 
very characteristic, hence they act as powerful reducing 
agents. 

Stannous hydroxide is soluble in alkalies, and it can 
therefore form an anion SnOg". The alkaline solution 
possesses extremely strong deoxidising powers, reducing 
even bismuth salts from their solutions with the pro- 
duction of a characteristic precipitate of black colour. 
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From the eimcu titrated solution tin gradually separatdB 
out, a atannate being formed at the same time. Th^* 
reaction may be regarded aa the conversion of the 
divalent ion SnO^" of tlie stannites into the equally 
divalent ion SnOj," of the stannates, the requisite oxygen 
being abstracted from a second SuO., ion. The chemical 
equation is — 

2K^SnOs + HgO = K^SnO^ + 2K0H + Sn. 

The solubility of stannous hydroxide in alkalies 
will have already led to the deduction that it is a very 
weak base, i.e. a substance wliich yields up its hydroxyl 
with great difficulty. Hence the stannous sitlts have 
an acid reaction aud are decomposed hydrolytically. 

Sulphuretted hydrogen gives with stannous salts a 
dark brown precipitate of stannous sulphide, which is 
not soluble of itself in sulphide of ammonium ; from 
yellow ammonium sulphide, however, it takes up 
sulphur, aud then dissolves with the formation of 
ammonium thio-stannate. Since this is not a simple 
ion reaction, it requires a measurable time for com- 
pletion, and so the mixture has to be gently warmed 
and the precipitate extracted more than once with fresh 
sulphide of ammonium. Acids throw down yellow tin 
disulphide from the solution so obtained. 

Stannic acid exists in several modifications, which 
change readily the one into the other. It is scarcely 
at all soluble in water, properly speaking, but it very 
easily forms colloidal solutions from which it can be 
separated by the usual means, sulphuric acid and 
sulphates being the most efficacious for this purpose. 
The solution of tin tetrachloride in water contains, 
indeed, no measurable quantity of tetravalent Sn- 
cathions, as the thermo-chemical researches of Thomsen 
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and tLe electrolytic ones of Hittorf liave shown ; but 
several of its reactions, nioi'e especially tlie reducing 
actions of solutions of stannous chloride, point to the 
presence of at least a small number of such ions. The 
solution must then at the same time contain a certain 
amount of non-ionised tin tetrachloride. 

When a solution of the tetrachloride is neutralised 
by potasli or soda, or ammonia, gelatinous stannic acid 
comes down. Since, as already stated, there ia no 
considerable amount of ionised or non-ionised stannic 
chloride in the solution, this reaction may perhaps 
be explained by the circumstance that some colloids 
can remain dissolved in an acid solution for a very 
long time, while they coagulate quickly when the 
solution ia made exactly neutraL Silicic acid behaves 
in this way ; when a dilute solution of water glass is 
jnst neutralised, the liquid very soon coagulates, while 
it remains clear in presence of a large excess of acid. 
An explanation ia, however, still wanting of the fact 
that the stannic acid readily redissolves in acids after 
having been precipitated by neutralising its solution. 
In alkalies (potash and soda) the precipitated stannic 
acid is of course easily soluble ; ammonia is too weak 
for this, or, what amounts to the same thing, the 
stannic acid is too weak for ammonia. 



3. Aniivioni/ 

Antimony forms trivalent ions of veiy weakly basic 
character. In addition, it gives a pentoxide, which is 
the anhydride of a likewise very weak acid. Like 
phosphoric acid the latter exists in various modifica- 
tions, which, however, change niucli more readily one 
into the other than the phosphoric acids do. 
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The salts of trivalent antimony are split up liydro- 
lytically to such an extent liy water that it requires a 
large excess of free acid to retain them in solution. 
In order to have them in a convenient form, use is 
made of the marked capacity which antimony ijoaaeases 
of substituting the hydrosylic hydrogen of organic 
compounds by the monovalent antimonyl radicle, SbO. 
The compounds thus obtained are so stable that they , 
continue permanent even in acid solution, this being ' 
again a consequence of the very weakly basic character 
of antimony trioxide. Tartaric acid is generally used 
in analysis for this purpose ; tlie resulting antimonyl- 
tartaric acid is undecomposed iiy water and dilute acids 
so long as an excess of tartaric acid is present, and 
hence solutions of antimony salts to which a sufficiency 
of tartaric acid has been added are no longer precipi- 
tated by water. 

Sulphuretted hydrogen throws down the orange 
trisulphide from solutions of antimony salts. Since 
this is somewhat soluble in concentrated hydrochloric 
acid, the precipitation must be done in dilute solution. 
The trisulphide takes up sulphur from a solution of 
yellow sulphide of ammonium, and dissolves with the 
formation of thio-antimoniate ; from tiris solution acids 
precipitate the yellow-red antimony pentasulphide, 
with evolution of sulphuretted hydrogen. The theory 
of these reactions has been given already. 

If antimony trisulphide is dissolved in concentrated 
hydrochloric acid to saturation, and the solution then 
diluted with water, a precipitate of trisulphide comes 
down. Now, seeing that the hydrochloric acid and 
sulphuretted hydrogen, which are in equilibrium with the 
antimony, bear the same relation to one another in the 
diluted as in the concentrated solution, there appears 
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at first sight to be no ground for this precipitation. 
The cause lies in the fact that the ionisation of the 
sulphuretted hydrogen, which is a very weak acid, 
increases much more rapidly with dilution than that 
of the hydrochloric acid does; the latter is already 
ionised to a great extent in strong solution, and its 
ionisation cannot therefore go much further. This is, 
however, only one of the factors in the question ; a 
complete explanation would lead to considerations of a 
more abstract nature, which would be out of place in 
a book of this size. 

Trioxide of antimony dissolves in alkalies; it is 
thus capable of forming an anion. The composition 
of the crystalline sodium salt shows the latter to be 
monovalent, and to have the formula SbO'g. Tlie 
solution acts as a reducing agent, the SbO'^ changing 
into SbO' . 

Of the salts of antimonic acid, the sodium one con- 
cerns us most. It is an acid salt of the type of 
the pyrophosphates, and is made use of as a test for 
sodium on account of its insolubility. 

Antimony trifluoride is not precipitated by water. 
The investigation of the electric conductivity of its 
solution has shown this to be very small. The tri- 
fluoride is therefore dissociable only to a minute extent, 
and its solution contains too few ions to give with the 
liydroxyl ions of the water the solubility -product 
value for antimony oxide. It is still more stable in 
presence of excess of hydrofluoric acid, forming as it 
does a hydrofluo-antimonic acid (analogous to hydro- 
fluo- boric acid), which yields even fewer antimony 
ions. 
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4. Arsenic 

Arsenic stands midway between the metals and the I 
non-metala ; it hardly exists as an elementary cathion, \ 
but on the otlier hand it forma compound anions of J 
various kinds, Tlioso of the latter which are of j 
importance in analysis are the ions of arsenioua and \ 
arsenic acids and the corresponding sulphur compounds. 

Arsenic trioxide dissolves more readily and abun- 
dantly in hydrochloric acid than in pure water. It I 
therefore follows that a reaction takes place between | 
the ions of the hydrochloric acid and those of the tri- 
oxide, even although the small electrical conductivity I 
shows that but few of the latter can he present in I 
the solution. The phenomenon cannot he explained by | 
the lessening of the ionisation of the arsenious acid 1 
through the hydrochloric acid, for even if this relative j 
alteration is a large one, the absolute increase of the 
non-ioniaed portion is almost nothing, because of the J 
extremely small quantity of acid ions. And since there 
is equilibrium of solution equally with this portion 
and with that which is ionised, the solubility cannot 
alter appreciably from this cause. There thus remains 
only the one assumption — that arsenic trichloride | 
ia present in the solution both in the ionised and 
non-ionised condition. The fact that arsenic vola- 
tilises when a solution of the trichloride is heated, 
also tells in favour of this view. At all events i 
elementary arsenic cathions are to be assumed as pre- I 
sent in the solution in question, although there is as 
yet no known method for determining their concentra- 
tion. The subject would be advanced by an iu-1 
vestigation of the solubility of arsenic trioxide inJ 
other acids. 




Sulphuretted hydrogen throws down the trisulphide 
from acid, but not from alkaline solutions. In neutral 
aolutious — especially when there is not much foreign 
matter present — the colloidal sulphide is formed, and 
tliis passes through a filter ; it coagulates, however, 
when acid ia added. The trisulphide is very difficultly 
soluble in acids ; hydrochloric acid of the concentra- 
tion that dissolves antimony sulphide readily is with- 
out effect upon it — a fact that can be made use of in 
separating the two compounds. This behaviour de- 
pends not merely upon the sparing solubility of the 
sulphide of arsenic, but also to at least an equal 
extenS upon the circumstance that arsenic forms 
cathions with gi'eater difficulty than antimony. 

Trisulphide of arsenic is soluble not oidy in sul- 
phide of ammouium, but also in ammonia, and even in 
ammonium carbonate, this last reaction being utilised 
to separate it from the sulphide of antimony. The 
reaction is due to the circumstance that the oxygen in 



ids can be replaced by 
ion without the condi- 
ility undergoing any 



both areenious and arsenic acid 
sulphur iu almost any proportio 
tious of solubility and 
material change. 

Arsenic acid is not at first precipitated by sul- 
phuretted hydrogen, but a reaction gradually sets in, 
sulphur being separated and the trisulpliide formed. 
This process la hastened by the presence of free acid 
and by warming, but is so slow at best that it ia more 
convenient and efficacious to first reduce the arsenic 
acid to arsenious by some suitable reducing agent such 
as sulphurous acid. 

No arsenic volatihses when a solution of arsenic 
acid is warmed, for there is no pentachloride, and 
arsenic acid is not volatile itself. 



CHAPTEE XII 

THE NON-METALS 

1. General Properties 

The capacity to form elementary cathions may be 
regarded as a characteristic property of the metals. 
Oil the other hand, elementary anions come solely from 
the non-metals. But just as the metals can form 
compound anions, so can the non-metals give rise to 
compound cathions. True, the number of these latter 
is much the smaller of the two; among inorganic 
compounds we have only ammonia, and among organic 
the substitution products of ammonia, together with the 
analogous organic compounds of phosphorus, arsenic 
and antimony, and the bases of the sulphur group. 
The iodonium bases, recently discovered by Victor 
Meyer, have also to be included here. 

On account of their more complex nature, it is 
much less easy to classify the anions than the 
cathions, most of which are elementary. The most 
convenient arrangement is according to the valency, 
which keeps together the substances constituting 
natural groups, even if it also includes some that are 
less nearly related. We shall accordingly take first 
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the monovalent halogens, whose compound anions are 
also mainly monovalent ; second, the divalent sulphur 
group with the likewise divalent compound anions; 
third, the trivalent compound anions of the phosphorus 
group (trivalent elementary anions are unknown) ; 
and, last, the tetra- and polyvalent anions. 

2. TliG Halogens 

Chlorine, bromine and iodine constitute a closely 
connected group of monovalent anions, whose pro- 
perties alter regularly with rise or fall of atomic 
weight. The specific reagent for them is silver, 
which gives sparingly soluble white to pale yellow 
precipitates that blacken on exposure to light, especi- 
ally when there is an excess of silver present. The 
same reaction is shown by the mercurous, the thallous, 
and — in a lesser degree — ^by the cuprous ion. The 
monovalent bismuthyl, BiO, is also to be included here. 

The tendency of the halogens to ionisation de- 
creases with increasing atomic weight. Since, how- 
ever, the solubility of the iodine compounds is usually 
least, it often happens that they appear to be more 
stable under certain conditions than the corresponding 
chlorine and bromine ones. With regard to this the 
rule holds that, in reactions in which free halogen is 
liberated, iodine is the weakest; in pure ion-reactions, on 
the contrary, i.e, in cases of double decomposition, iodine 
often holds the upper hand. For this reason iodide 
of potassium yields chloride of potassium and free 
iodine when treated with chlorine, while chloride of 
silver is converted into the iodide on digestion with 
iodide of potassium; chloride of potassium has no 
effect upon silver iodide. 

N 
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The two couditions jusL mentioned therefore fon 
the basis of the various processes i'or separating tlied 
halogens from one another. There are a number c 
weak oxidising agents, like the feme and cupric aalta 
whose action is sufficient to overcome the slighlS 
tendency of iodine to ionisation, but which are unable™ 
to change bromine or chlorine ions into the free element^ 
The action is usually only a partial one ; it can, howJ 
ever, he made complete in practice by removing thi 
free iodine as it is formed, and thus doing away witbl 
its mass-action. This ia generally effected by distilla- 
tion, but it may also be done hy shaking up witi 
another solvent, such as bisulphide of carbon. 

The same method might be applied for separating? 
bromine from chlorine if there was a suitable oxidising 
agent for the purpose, but no investigations have bet 
made in tliis direction so far as I am aware. FrouiJ 
Bancroft's measiirenients of the electromotive force c 
different oxidising and reducing agents, only iodic acidfl 
(i.e. potassic iodate and sulphuric acid) among 
substances that he examined would be available.^ 
Possibly a solution containing hydrate of peroxide oH^ 
manganese and sulphuric acid at the ordinary tem-i 
perature might also do, the bromine being removed byl 
shaking up with cliloroform or some similar' solvent. 

i'or the quantitative determination of two halogenaB 
occurring together, indirect analysis may be resorted toff 
with advantage, if there be not too great a differencafl 
between the amounts of the lialogens present. The I 
simplest form of this process is first to determinel 
volumctrically the quantity of silver required fori 
complete precipitation and then to weigh the precipi-^ 
tate. From the first measurement we can calculate 
how much the precipitate would weigh if it containei; 
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only one or the other of the halogens ; the d 
of these two numbers fi.'om that observed stand in the 
same ratio as the amounts of the two halogens. Or, 
the halogens may he completely thrown down hy silver 
solution and the precipitate weighed ; the latter then 
converted entirely into the salt of the stronger halogen 
by heating it in a stream of the latter and the precipi- 
tate weighed again. The calculation is similar to the 
one above. 

An explanation has already been given of the 
hehavioiir of the silver compounds when one of the 
halogens is present only in very small quantity. 

Fluorine differe greatly from the three halogens 
already spoken of. It does not form insoluble com- 
pounds either with silver or with the other metals that 
have been mentioned, but it does yield such vrith the 
metals of the alkahue earths, with which chlorine, 
bromine and iodine form soluble salts. Here, again, 
we have the same deviating behaviour on the part of 
the element with lowest atomic we^ht that was notice- 
able in lithium and beryllium. The usual test for 
fluorine depends upon the formation of the volatile 
silicon tetrafluuride, which decomposes with water into 
silicic and hydro -silicofluoric acids. 

Of the free halogens iodine is the most easily tested 
for, because of the blue coloration that it gives with 
starch solution. The colour is that of au easily dis- 
sociable addition-product of the two substances ; when 
warmed, the compound breaks up into its two con- 
stituents and the colour vanishes, to reappear again 
when the solution is cool. Iodide of starch apparently 
dissociates to a very considerable extent at the ordinary 
temperature also, for the iodine behaves in this com- 
pound almost like free iodine ; in some 
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wliicb only complete themselves slowly, however, thw 
retarding influence of the starch shows that the con- 
centration of the free iodine haa been diminished bjj 
the presence of the former. 

Another very delicate reaction shown by iodine i 
its intense reddish-violet colour when in solution inl 
carbon disulphide or chloroform, etc. Being much 1 
more soluble in these than in water, it is taken up byl 
them from the latter almost completely when the two 1 
liquids are shahen up together ; the division-ratio with J 
carbon disulphide ia 1 ; 410. On the other hand, thaa 
ions of iodine are far more soluble in water than in any! 
other solvent Use may be made of this for the deter- 1 
mination of very small quantities of iodina The iodine I 
is set free by a suitable oxidising agent and taken up 1 
with carbon disulphide, and thig sohition — after separa- I 
tion from the other — is titrated with thiosulphateJ 
until it becomes colourless, the mixed liquids beii 
shaken up together after each addition of thiosulphat 
Nitrons acid is used as the oxidising agent, which musta 
not be allowed to remain mixed with the disulphide of 1 
carbon. The passage of iodine from one solvent to 1 
another is beautifully shown by gradually adding J 
chlorine water to a dilute aqueona solution of an iodide, 
a little carbon disulphide having previously been, i 
dropped in. Free iodine is liberated at first and tha I 
disulphide becomes violet, but as more chlorine is added 1 
the solution ultimately turns colourless again, from the I 
iodine changing into the ion of iodic acid. 

15romine does not affect the conversion of iodine I 
into iodic acid so weU as chlorine does, its tendency to J 
ionisation being distinctly less ; bromides of iodine ( 
therefore exist in the solution without passing into I 
bydrobromic and iodic acids, i,e. into the ions c£M 
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bromine, iodic acid, and hydrogen. The result of this 
— especially in concentrated solutions — is that the 
cai'bon disulphide becomes yollowiah-brown from dis- 
solved bromide of iodine, which is not decomposed by 
water ; and it is only after lai^e dilution (when 
ionisation ia promoted in a corresponding degree) that 
the reaction shown by chlorine takes place. 

Free bromine is easily recognised by its odour and 
by the yellowish-red colour of its solutions. Like 
iodine it is much more soluble in carbon disulphide 
and similar solvents than in water, and can therefore 
be concentrated by shaking up with these, its recogni- 
tion being thereby mucli facilitated. Its quantitative 
estimation is always an indirect one, the bromine being 
replaced by iodine through the addition of an iodide, 
and the iodine then titrated with thiosulphate. Free 
bromine cannot be titrated with the latter, because it 
does not convert it into tetrathionate, but into sulphuric 
acid, free sulphur, etc. 

Iodine and. bromine, and also chlorine in a lesser 
degree, are much more soluble in solutions of their 
salts and hydrogen acids than in water alone. This 
is a proof that part of the halogen is not present in 
the solution in its ordinary state; the portion remain- 
ing over and above that of the amount soluble in pure 
water must be there in some other form. It has been 
shown that the free halogen unites with the ion o£ the 
same name to a compound ion I^ or Er^, which is 
partially dissociated. The reactions of the free 
halogens, as we know them in aqueous solution, are 
therefore essentially reactions of these double com- 
poimda, although we must not forget that the latter 
split oft' free halogen very readily. 

Chlorine in the free state is also recognisable at 




1S2 POTWDATIONS OF ANALYTICAL CHEMISTRY 

once by ita odour, and the quantitative estimation : 
effected in the sRme way aa that of bromine, ■, 
determining the equivalent amount of iodine whicli 1^1 
expels from iodide of potaesium solution. On account a 
ita volatility it is often condensed first in cold dilute 
alkali, with irhich it forms a muiture of (non-volatileM 
hypochlorite and chloride, this mixture giving up ita 
chlorine again on treatment with acid. If, howeverS^ 
the liquid is allowed to stand for some time, a part of I 
the hypochlorite changes into chlorate, which is only ff 
alowly decomposed by acids ; hence in siich cases it ia I 
very easy to get too low results. 
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3. Cyartogm. and Thioeyanogcn 

The two compound ions cyanogen, CN, and thio- j 
cyanogen, CNS, resemble the halogens closely in many^ 
of their reactions, more especially in yielding silvei 
salts just like those of the halogens. 

Cyanogen is remaj-kable for the readiness withl 
which it forms complex ions, in which the ordinary J 
cyanogen reactions are no longer apparent Thus wej 
do not find in yellow pruesiate of potash the poisonoui 
properties characteristic of every compound containiugj 
cyanogen ions. The more important of these complex] 
ions have been already described under the metal^-l 
where attention has also been drawn to their very! 
different relative stabilities. Most of the analyticali 
reactions of cyanogen depend upon the formation i 
such complexes. 

One of the most convenient and delicate tests for ti 
cyanide consists in the formation of ferric ferrocyanideB 
or Prussian blue. To the liquid under esominatiot^f 
an excess of ferrous and ferric salts and then caustii 
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potash are added, the mixture being then warmed for 
a little. If cyanogen is present, potaaaic ferroeyanide 
ia thus formed, and the characteristic blue precipitate 
appears after acidifying ; when only traces of cyanogen 
are being dealt with, thia blue precipitate ia replaced 
by a bluish-green coloration. It ia to be noted that 
the above alkaline solution must be warmed for some 
time, for the production of ferroeyanide is not a simple 
ion reaction, and therefore does not take place im- 
mediately. 

Another extremely delicate test ia to evaporate a 
little of the solution at a gentle heat along with an 
excess of yellow sulphide of ammonium. The cyanogen 
is thus clianged into thiocyanogen, which ia readily 
detected by its well-known reaction with ferric salts. 

For the quantitative eatimation of cyanogen we 
have either to precipitate with a silver solution and 
weigh the dried silver cyanide, or to follow the volu- 
metric method given on p. 160. 

Thiocyanogen is characterised by the deep blood- 
red coloration which it gives with ferric salts. This 
colour ia due to the non-ionised portion of the aalt, 
and is therefore weakened or intensified by any causes 
which go to iacrease or diminish the ionisation. Thus 
the red colour is lessened by adding a neutral salt like 
sodic sulphate to the liquid. For, the eflect of the 
added sulphuric acid ions is to convert a portion of 
the ferric ions iuto non-ionised salt, since ferric 
sulphate — as the salt of a dibasic acid — ia less dis- 
sociated than the thiocyanate. On the other hand, the 
reaction becomes more distinct when the liquid is 
shaken up with ether, for then the non-ionised red 
ferric thiocyanate is taken up by the ether, and new 
salt must therefore be formed in the aciueoua solution. 
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When tliincyanate of potassium and a ferric salt ) 
mixed in cq^uivalent quantities, we by no means get t 
inaximnm colour effect ; it becomes greater on addi 
an excess of either the one or the other, because i 
increase of one of the two ions causes a change 
equilibrium in Uie direction of an increased productioiu 
of non- ionised ferric salt. No coloration 
tained at all with solutions of colloidal ferric oxide^J 
since these contain no ferric ions, and the same applieS'l 
to n solution of red prussiate of potash. 

Thiocyanogen is determined quantitatively by pre-1 
cipitation with nitrate of silver, or — in presence of I 
other substances precipitable by silver — by oxidation f 
to sulphuric acid, the latter being then estimated in the i 
usual way. 

4. The Monobasic Oxygen Acids 

The acids HNO^, HCIO^, HCIO^. HBrO^, and HIO, i 
resemble one another just as the halogen acids do. | 
Their chief characteristic lies in their forming almost 1 
only soluble salts ; iodic acid, which stands at the ' 
outside limit, constitutes an exception, some of its I 
salts, more especially the barium one, being sparingly | 
soluble. Barium bromate is more soluble, and the \ 
chlorate the most soluble of the three. 

The analjiiical reactions of these anions do not 
depend upon ion-reactions proper, but upon the readi- 
ness with which oxygen is given off, and the conse- 
quent production of substances that are easy to 
recognise. The salts of the ions CIO, ClO^, CiO„, CIO^, 
BrOg and lOg pass, on heating, into salts of the ' 
halogens themselves, which cau then be tested for in 
the ordinary way. It is noticeable here that the 
oxygen compounds are more stable the more oxygen i 
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they contain, this being just the reverse of what we 
might have expected, judging from the analogies in 
other groups. 

The most convenient test for nitric acid is that 
with a ferrous salt in solution in concentrated sulphuric 
acid; when the liquid containing nitrate is poured 
carefully on to the top of this, a brownish-violet ring 
is produced where the two layers meet. The colour is 
due to the formation of a complex cathion which 
contains the elements of nitric oxide in addition to 
iron. This follows from the fact that all ferrous salts 
give the reaction, whatever their acid may be. The 
complex iron-nitric oxide ion is not very stable, being 
destroyed when the liquid is boiled. This arises from 
the small portion of nitric oxide present through 
ionisation being carried away by the steam ; hence 
fresh nitric oxide must be set free in order that equi- 
librium may be re-established, and so on until the 
compound is entirely broken up. The same thing 
must take place when an indifferent gas is passed 
through the solution (although I have never heard of 
the point being actually investigated). 

The quantitative determination of nitric acid is 
based upon the same reaction, either the amount of 
ferrous salt oxidised being estimated, or the evolved 
nitric oxide measured. The former method is the 
more convenient, but can only be followed in the 
absence of other oxidising or reducing substances ; the 
latter — Schloesing's method — is more complicated but 
of wider application. The iodometric method may also 
be employed in certain cases. 

The various oxygen compounds of chlorine are dis- 
tinguished qualitatively by their different stability. 
Hypochlorous acid is decomposed even by cold dilute 
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bydrocliloric acid with evolution of clilorine, chloricg 
acid only upon warming {with hydrochloric), and per* 
chloric acid not at all in this way. The quantitative^ 
estimation ia made by mcasuriug the oxidising effect,.V 
this being most easily done with hydriodic acid, 
potaasic iodide and hydrochloric acid. Hypochlorous 
acid acta instantaneously, while chloric acid req^uirea 
as an oxidising agent a considerable time. 

Perchloric acid caiinot of course be estimated in J 
this way, but it may be thrown down as the sparingly 1 
soluble potassium salt by adding acetate of potassium, f 
and alcohol. It is necessary here to add a large excess \ 
of the acetate, perchlorate of potassium being com- J 
paratively soluble {-Le. from a quantitative point otM 
view). If this process is objected to, the perchlorate ■ 
has to be converted into chloride by heating. 

Bromic acid ia not decomposed very quickly by J 
hydriodic acid, but both iodic and periodic acids break J 
up with the latter instantaneously. In thia reaction the] 
bromic changes into hydrobromic acid, i.e. the hrominel 
assumes the ionic state, while iodic and periodic acidfll 
allow their iodine to become free. The amount offl 
iodide liberated is the same for bromic as for iodio^ 
acid, i.e. six atoms of iodine to a molecule of acid. 

It is very noteworthy that the lower oxygen acidsl 
of chlorine and bromine are extremely weak acids ; ' 
addition of oxygen to the very strong hydrogen acids 
has thus had the effect of reducing the capacity : 
ionisation in an extraordinary degree. Nothing 
known as to the cause of this phenomenon, which-,1 
stands in striking contrast to the well-known acidifying^ 
action of oxygen, hut it might be sought for in a. changos 
of valency in the halogen ; the negatively actingffl 
sulphur of the alkyl sulphides, for instance, acquires li 
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markedly basic character after being transformed into 
the tetravalent anlphur of the sulphines. The sudden 
transition only takes place, as a matter of fact, in the 
change from hydrogen acid to the lowest oxygen one ; 
in the series of oxygen acids themselves the strength 
increases regularly with increase of oxygen. 



^^Htl 



5. Tlic Adds, of Sulphm 



'Sulphur forms a lai^ number of different anions 
[th oxygen, all of which are divalent. The sulphur 
ion itself is also divalent, but in aqueous solution the 
water changes it for the most part into the monovalent 
ion SH', although a certain number of divalent sulphur 
ions S" must also be taken as being present, more 
especially when the aqueous solution is concentrated. 

The solutions of sulphuretted hydrogen are very 
little dissociated, and then almost exclusively into H* 
and SH', This dissociation is lessened still further by 
the presence of other stronger acids, in proportion to 
the concentration of the hydrogen ions. The solvent 
action of acids upon certain metallic sulphides depends 
upon this (as given at p. 81), the action being greater 
the greater the concentration of the hydrogen ions. 
The solubility of the metallic sulphide in water also 
enters into the question here, as has likewise been 
already explained. 

The odour of sulphuretted hydrogen renders its 
detection easy. Its presence can also be proved by 
the blackening which it produces upon a piece of filter 
paper moistened with acetate of lead solution. The 
quantitative estimation is made either by precipitating 
it as a metallic sulphide, or by measuring its reducing 
action ; a solution of iodine is the most convenient to 
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use in the latter case, the iodioe being reduced to'| 
liydriodic acid. This volumetric estimation is veryl 
eaay and accurate, and is therefore to be preferred t 
the other, care being taken to dilute largely and tofl 
guard against any possible escape of eulphm 
hydrogen during the operation. 

The sulphur ions, as they exist in solutions 
alkaline sulphides, give a beautiful violet coloration I 
when a nitro-prusside is added, this being probably! 
due to the production of a new anion. Even in tbe.l 
alkaline solution the colour is very evanescent, while I 
it disappears at once if the solution is acid. The \ 
brown spot which a solution of alkaline sulphide pro- . 
duces on a silver coin is also characteristic ; and the J 
reaction is one of general application, seeing that all the I 
oxygen salts of aul[)hur are reduced to sulphides when f 
heated with a mixture of sodium carbonate and charcoaL ] 

Of the oxygenated ions of sulphur that of sulphuric | 
acid is the most important. It is both recognised and 
determined as the very insoluble barium salt. On j 
account of the extremely alight solubility of the latter, ~ 
it has a great tendency to come down as very i 
powder, the adaorptive action of which may give ] 
to very considerable errors in quantitative estimations. 
Tlie way to avoid this is to bring down the precipitate i 
in aa large grains as possible, i.e. to precipitate in ; 
somewhat hot and acid solution. The solvent action ] 
of the acid can be compensated for by using ar 
of precipitant. This carrying down of dissolved sub- | 
stance by the precipitate is most marked when ferric 
salts are present, the production of a " solid solution " ^ 
being assumed here. In such a case it is a wise pre- 
caution to first reduce the ferric salts to ferrous, which 

' Cf. Van 't Hoff, ZeUacIir. filr physOc. Chemie. 6, 322 (1890). 
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are much less liable to be carried down. Or the 
sulphate of barium containing ferric oxide may be 
afterwards fused with alkaline carbonate, so as to 
produce barium carbonate and alkali sulphate, and 
the aqueous solution of the fused mass precipitated 
anew with barium salt. The iron remains in the 
insoluble residue. 

In determining sulphuric acid we have sometimes 
to bear in mind the fact that it may be present as a 
complex compound, the compounds of chromium more 
particularly showing a tendency to this (cf. p. 145). 
Fusion with an excess of alkaline carbonate destroys the 
complex acids and converts them into sulphates. 

Sulphurous acid is a far weaker acid than sulphuric, 
hence the sparingly soluble salts that it forms with 
barium, lead, etc., are soluble in acids. Its detection 
— apart from the odour — depends on the one hand 
upon the reducing actions which it shows, and on the 
other upon the proof of the sulphuric acid resulting 
from its oxidation. A third test is the reduction of 
sulphurous acid by nascent hydrogen, when sulphuretted 
hydrogen is formed, this last reaction being shared in 
common with all the other oxygen acids of sulphur 
excepting sulphuric. The ready formation of sul- 
phuretted hydrogen appears to be a property of those 
compounds of sulphur which contain one atom of 
hydrogen linked to sulphur. 

The reducing effect of sulphurous acid is strikingly 
shown in presence of iodic acid, when free iodine is 
liberated. Hydriodic acid is at first formed, and this at 
once acts upon some more of the iodic acid to produce 
iodine and water. Expressed in terms of the electric 
dissociation theory, iodine ions, together with those of 
iodic acid, cannot exist in presence of hydrogen ions ; 



b 
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they immediately paas ijito the non-ioniaed products 
iodine and water. 

Salplnirous acid differs from the other oxygen aclili 
of 3u!phur, about to be mentioned, by not giving any« 
deposition of siilphur when treated with hydrochlorioT 
acid, but only liberating sulphur dioxide (as the othersl 
do also). Uithionic acid forms an exception, beiugl 
decomposed imder these circumstances into sulphur.! 
dioxide and sulphuric acid. 

Free thiosulphurie acid is unknown, the salts only I 
being capable of existence. Ifc may he asked — Why! 
should not the ion S^^O^" be as stable in an acid soIutiooB 
as in a neutral or alkaline one, seeing that we have toj 
do with the same ion in all three cases ? The e 
is that this ion cannot exist alongside of hydrogen ions, I 
since it is able to yield sulphur and sulphurous acid — 1 
i.e. non-ionised and more shghtly ionised Buhstancesi 
— with the latter. The reaction is not an ionic c 
and therefore does not take place instantaneously ; the J 
time required for it depends upon the concentration of I 
the hydrogen ions, 

The thiosulphates find an important application in I 
iodometric analysis. Two atoms of iodine pass here j 
into two negative iodine ions, the necessary ion charges I 
being taken from two S^O^" ions, wliich lose two J 
valencies and coalesce to the ion S^O^" 

The other halogens do not react in this way witk4 
the thiosulphates, but yield sulphuric acid and i 
sulphur. This difference in behaviour is to be traced I 
to the fact that the tetrathionates too are oxidised by 
chlorine or bromine, giving sulphuric acid and sulphur. 
There appears to be no oxidation of the latter s 
so long as an excess of thiosulphate is present, and 1 
hence the quantity of halogen may be calcidated from j 
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the amount of sulphuric acid Ibmied. It is, however, 
much simpler to allow the halogen to act upon iodide 
of potassium and then to titrate the separated iodine 
with sodium thiosidphate. 

One of the two hydrogen atoms in thiosulphuric 
acid is linked directly to sulphur. It is therefore 
replaced with great readiness hy the heavy metals, 
which have a strong affinity for sulphur, and the 
resulting compounds are but very shghtly ionisable 
at this point (ie. do not readily give up the metal 
as an ion). Hence many sparingly soluble metallic 
salts dissolve in an excess of thiosulphate by changing 
into complex anions which contain the metal linked 
to the sulphur, and in whose solutions there are 
extremely lew metallic ions. From soluble metallic 
salts the thiosulphates generally fiiBt precipitate tlie 
sparingly soluble thiosulphate of the metal in q^uestion, 
and this then dissolves in the excess of thiosulphate to 
the salt of the metaUo-thiosulphonic acid. The com- 
pounds of copper, lead, silver, mercury, etc., are 
examples in point. The thiosulphonates of the metals 
are by no means stable ; most of them decompose in 
a neutral solution, and all of them in an acid one into 
metaUic sulphide, sulphuric acid, sulphur, etc. This 
latter reaction is likewise apphed in analysis to throw 
down the sulphides of the copper group without the 
use of sulphuretted hydrogen. 

The phenomena which are dependent upon the 
presence of the atomic group SH are also shown by 
sulphurous acid, which likewise contains an atom of 
hydrogen linked to sidphnr; but here they are less 
pronounced, and there is no transformation into 
metallic sulphide, because the acid contains only 
one atom of sulphur. Still, chloride of silver (for 
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example) is almost as solublt; in sodium sulphite i 
ill the tbiosulphate. Quite similar pheuomena ; 
tn be expected from the polythionic acids, but ther^ 
have apparently been no investigations made in thi<^ 
direction as yet The formation of such complexes, i 
which tiie metallic ion ia present for the most ' 
in the iion-ioniaed state, can be proved not me 
by the solution of the sparingly soluble salts, but fl 
by the measurement of the electromotive force of the 
metals in question in such solutions, for under those 
conditions the electrical position of tlie metal appears i 
to be more or less displaced towards the zinc side. 



6. Carbonic Acid 

Carbonic acid is one of the weakest acids that still| 
possess the true acid character. Its aqueous solution) 
indeed shows an acid reaction, but it only changes 
blue litmus to a wine red, and not to a bright red a 
the stronger acids do. This arises partly from i 
small concentration that can be attained in an aqiieou9>'l 
solution of carbonic acid, because of its sparing solunF 
bility at atmospheric pressure ; when the solubility ii 
increased by the application of a stronger pressure, 1 
bright red coloration sets in. 

Of the salts of carbonic acid only those of i 
alkalies are soluble in water ; the metals of the alkaline! 
earths form soluble bicarbouates, which are, however, £ 
very unstable, breaking up partially in the cold and. I 
completely when the liquid is boiled. The reason of,l 
this ia that one of the decomposition products — the I 
carbonic acid — -is carried away by the vapour of the I 
boiling water, so that the decomposition must go onM 
until it is complete. The solutions of the alkali: 
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bonates have an alkaline reaction ; the tendency which 
carbonic acid has to change into a less dissociated con- 
dition gives rise to the formation of acid carbonate, i,e. 
of HCO3 ions, for which the requisite hydrogen must 
be abstracted from the water. The hydroxyl then 
remaining over causes the alkaline reaction. 

The property which carbonic acid shows of not 
forming normal saltd with weak bases is also connected 
with the marked weakness of the acid. Hydrolysis 
sets in, and the precipitate contains a mixture of 
carbonate and hydroxide, the proportion of the latter 
to the former increasing with the amount of water 
present. H. Eose made a series of extended observa- 
tions upon this point a very long time ago (in 185 7), and 
his results all fell out in the direction just indicated. 

Carbonic acid is easily recognised by the readiness 
with which it passes into gaseous carbon dioxide, 
which escapes when almost any acid is added to a 
soluble or even insoluble carbonate. The strength of 
carbonic acid is so very slight that the influence of the 
"insolubility" in the latter instance is practically 
nothing; the decomposition of acetate of lead by 
carbonic acid is almost the only case of the kind that 
has been investigated to any extent. The qualitative 
test for carbonic acid is made with lime water, from 
which it precipitates carbonate of calcium. It is deter- 
mined quantitatively either by absorption with soda- 
lime, or, when present only in very small amount, by 
receiving it in a measured volume of baryta-water of 
known strength, allowing the precipitate to settle, and 
then determining with standard acid the excess of 
baryta remaining in solution. 

Carbonic acid is an invariable constituent of ordinary 
distilled water, into which it passes from the water 
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originally taken. Part of it escapes when the wate 
stands open to the air, but another part remains pew 
aistentJy behind. It may be displaced with tolerabla 
completeness by passing a current of air free ftotd 
carbon dioxide through the water for a long time, 
this procedure tlie water lemains purer than aftai 
boiling, as a very appreciable amount of material i 
usually dissolved from the glass iu the latter case, 
current of hydrogen is used if it is at the same 1 
desired to prevent ingress of oxygen into the water. 



7. /■'lws)}horic Acitl 

In ortho - phosplioric acid, H.^PO^, we iind 
influence exerted by the gradual ioniaation of thra 
hydrogen atoms of polybaaie acids (which was discusae 
on p. 61), showing itself in a very marked degi 
While the dissociation of the first hydrogen ion corrai 
spends to that of an acid of medium strength, 
second behaves like the ion of a weak acid, while the 
third is hardly capable of replacement at ail in aqueous 
solution, the only soluble tri-metaUic phosphates — those 
of the alkali metals and of ammonium — being broken n 
ahnost completely by hydrolysis into the bi-metalli^ 
phosphates (i.e. their ions) and free alkali. In othel 
words, we find in the aqueous solution of the salt, Na^P' 
in addition to the sodium ions, not the trivalent ion PO " 
but the divalent ion HPO/' and hydroxyl, OH'. Tiw 
reason of this is that the tendency to ionisation of the thii 
hydrogen atom is much smaller than that of the \ 
when, therefore, the salt Na^PO^ is dissolved in ■^ 
the ion PO^'" immediately acts upon the latter, thus— 



PO,'" 



-H- + OH' = PO^H'' + OH'. 
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This difficulty of substitution is not shown in 
the case of solid and therefore of sparingly soluble 
salts, since these are not ionised. The hypothetical 
explanation of the phenomenon is that the develop- 
ment of a negative ion charge must be far more easy 
to bring about on a neutral atomic complex than on 
one which is already negatively charged, since the 
work required in the latter case must be much greater, 
other things being, equal. And this applies still more 
to the development of the third ion charge. In solid 
non- ionised salts this condition is absent, and the 
normal tri-metallic phosphates are therefore perfectly 
stable in the solid state ; they are, moreover, the only 
phosphates that occur in nature. 

These relations are shown very clearly in the 
phenomenon attending the precipitation of ordinary 
sodium phosphate, NagHPO^, by a silver solution, when 
the weakly alkaline reacting phosphate and the neutral 
silver salt yield a yellow precipitate of tri-argentic 
phosphate and a liquid of strongly acid reaction. The 
ordinary chemical equation 

3 AgNOg + Na2HP04 = AggPO^ + 2NaN03 + HNO3 

gives only an imperfect idea of the reaction, for the 
latter is by no means complete, the liberated nitric 
acid dissolving some of the silver phosphate. The 
following equation is probably more correct, although 
it no doubt also fails to express all that goes on — 



SAgNOg + SNagHPO^ = AggPO^ + SNaNOg + HgNaPO 



4 » 



according to this we do not get free nitric acid, but the 
acid-reacting dihydrogen-sodium phosphate (or rather its 
ions). The fact that the dihydrogen-sodium phosphate 
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hns an acui reaction is a sign that its solution containa 
hydrogen ions ; these arise from the ionisation ol 
the monovalent anion H^PO^' into hydrogen and the 
divalent anion HPO^", thus — 

It is worthy of notice that the salts of ortho- 
phosphoric acid with trivalent cathions like alnminiuni, 
iron and chromium are very slightly soluhle indeed. 
There is apparently a general law underlying this 
phenomenon, according to which compounds that are 
built up of ions of equal valency have a special 
tendency to form sparingly soluble salts. The typical 
precipitants for tlie pronounced monovalent halogens 
are the monovalent cathions of silver, mercury and 
copper ; for the divalent alkaline earth metals the 
divalent ions of sulphuric, oxalic and carbonic acids 
serve as precipitating agents ; while in tlie case of the 
trivalent ions of iion, chromium and aluminium, the 
phosphates are insoluble in acetic acid, which dissolves 
the other sparingly soluble salts of these metals. The 
law cannot, however, be reversed ; for, although the 
most insoluble compounds throughout are made up of 
equi-valeut ions, there are on the other hand numerous 
salts with ions of the same valency which dissolve 
readily in water. There is thus obviously some other 
condition exerting an influence on solubility which 
obscures in many cases the regularity just referred to, 
but what this may be I do not know. 

Phosphoric acid is capable of forming complex 
compounds with various metallic acids, more especially 
with tungstic and molybdic, in which the basicity 
of the acid remains constant while the molecule 
proportions of the trioxidea in question vary. 



Phospho-molybdic acid, wliicli is tlie most important 
example of this type from an analytical point of ^-iew, 
forms very sparingly soluble yellow salts with the 
alltali metala and with ammonium, which dissolve to but 
a very slight extent even in free acid, esjiecially wlien 
one of tlieir ions is present in excess. This is made 
use of for the detection and quantitative separation of 
phosphoric acid from nitric acid solutions, an excess of 
solution of molybdic acid and ammonium nitrate in 
nitric acid being added to the liquid under examination. 
The mixed solution has to be warmed gently and 
allowed to stand for a considerable time before the 
reaction completes itself. Here, again, we have a 
reaction which is not purely ionic, and hence it requires 
a measurable time. The reaction could be followed 
quantitatively by investigating the electric conductivity, 
the specific volume, the colour, or any other convenient 
property of the solution. 

Tlie complex ions of pbosplio- molybdic acid are 
stable only in acid solution, being broken up by excess 
of alkali or ammonia into salts of phosphoric and 
molybdic acids. The yellow precipitate thus dissolves 
readily in ammonia, and the phosphoric acid can be com- 
pletely thrown down from the solution as ammonium- 
magnesium phosphate. This process is extensively 
followed, not merely in analysis, but also for freeing 
the molybdenum residues from phosphoric acid, with 
the object of using the molybdic acid over again. 

Ortho-phosphoric acid changes into pyro-phosphoric 
acid, H^P^Oj, and meta - phosphoric acid, HPO^, by 
giving up the elements of water. The meta-acid is 
not a true analogue of nitric acid, as one might have 
expected from the connection between nitrogen and 
phosphorus, but is like pyro-phosphoric acid a condensed 
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acid of materially higher molecular weight than 
indicated by the formula Hl'O^, There are indeed t 
number of different m eta-phosphoric acids of differentl 
molecular weights and varying properties. The meta-aciq 
present in fused or vitreous phosphoric acid posses 
the property of precipitating albumen from solutionjl 
and it also givea a white silver salt. Pyro-phosphoi 
acid does not precipitate albumen, but yields a pre-l 
cipitate with chloride of barium, wSiich the ortho-aciffi 
does not do. Neither tlie meta- nor the pyro-acii 
shows the reactions of the ortho-acid with mt^neaiffl 
mixture or molybdate of ammonium. 

It is important from an analytical point of vievfl 
that these derivatives of phosphoric acid pass inta 
ortho- phosphate or ortho-phosphoric acid when theyj 
are fused with an excess of alkaline carbonate atm 
warmed for a length of time in a. strongly acid solution.^ 
The change tates place with the acids themselves c 
merely letting their aqueous solutions stand ; the dry I 
salts can, however, be preserved unaltered. For 
quantitative estimation the pyro- and meta-phoaphorie 1 
acids are always converted into the ortho-compound, I 
which is then precipitated as magnesium-ammonium ] 
phosphate (cf. p. 137). 



8. PJwsphorous and Hypophos^horaits Adds 

Although these two acids are di- and monohas 
respectively, they may be discussed here in connectioaB 
with phosphoric acid, since they are always transformedl 
into the latter for quantitative estimation. 

The simplest analytical characteristic of the lowd 
acids of phosphorus is the liberation of spontaneoui 
inflammable phosphuretted hydrogen when either th^ 
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themselves or their salts are heated; at the same time 
red phosphorus is separated. They also act as reducing 
agents, precipitating {e,g,) calomel from an acid solution 
of corrosive sublimate. For the rest they form mostly 
soluble salts (barium phosphite is sparingly soluble in 
water though readily in acids) in which there is little 
that is uncommon. 

When these acids come into contact with nascent 
hydrogen they are reduced to phosphuretted hydrogen^ 
while phosphoric acid is not. This is exactly the same 
behaviour that we have already found in the case of 
sulphuric acid and the lower acids of sulphur, and it 
stands in close connection with the way in which the 

hydrogen is linked in the acids. For in all probability 

/OH 
the formula OP^QH expresses the constitution of 

\0H 

phosphoric acid, while the other acids have the formulae 

yOH /OH 

OP^OH and OP^H . There is thus no hydrogen 

\h \h 

linked directly to phosphorus in the first of these, but 
there is in the others. 

When the acids are pure they can be distinguished 
from one another by the fact that hypophosphorous acid 
shows with an indicator the sharp point of neutralisa- 
tion upon the gradual addition of alkali that is charac- 
teristic of a fairly strong monobasic acid. The dibasic 
phosphorous acid on the other hand is marked by the 
same peculiarity as the tribasic phosphoric, in that 
the second hydrogen atom is much more difficult to 
substitute in aqueous solution than the first, so that 
their neutral salts are broken up hydrolytically to a 
certain extent and give an alkaline reaction. If, 
therefore, an acid liquid which contains the lower 



utralisa-^H 
it if tha!^l 
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acids of phosphorus shows a aliarp point of neutralisa-l 
tion, only hypophosphorous acid is present; but i 
change in colour is not sharp, then the liquid contains 
phosphorous acid (other acids which show indistinct 
neutralisation, especially phosphoric, being of course 
absent), although hypophosphorous acid may i 
present at the same time. 

All the reducing actions effected by the lower acidt 
of phosphorus go on at an exceptionally slow rate. 



9. Boracic Acid 

Salts of normal boracic acid, H^BOg, are hardly known J 
for it shares with other weak acids the tendency toj 
form condensed acids by the elimination of the elements.! 
of water from several molecules of the acid, the residues 'I 
coalescing to a more complex compound. The best! 
known of these poly basic acids is the tetraboracic.HjB^Oj,!" 
the acid of ordinary borax. There are no differenceaJ 
apparent between the various borates in aqueous solu- ' 
tion, so far as the reactions of the boracic acid itself 
are concerned ; sharp and clear reactions are wanting 
here. 

Boracic acid is easily recognised by the green 
colour which it imparts to the flame of burning alcohol. 
There is a marked distinction between this coloured 
ilame and those of the alkalies, for instance, as it is 
not necessary that the flame-colouriug substance should 
be raised to a white heat in tliis case. The boracic i 
acid volatilises with the vapour of the boiling alcohol 
by forming a volatile boracic ether. The test is best, j 
made by covering the substance in a small crucible j 
with concentrated sulphuric acid, adding plenty of ] 
alcohol, and then warming until the latter boils and J 



BOHACIC AND SILICIC ACIDS 

takes fire ; if the flame should be coloured green 
under those circumstances, this can only be due to 
boracic acid. 

Turmeric paper furnishes another very delicate test 
for boracic add, the original yellow colour being 
changed to a reddish-brown after the paper has been 
dipped into a solution of the acid and dried at a gentle 
lieat Nothing is known as to the cause of this curious 
reaction, but it may possibly be dependent upon the 
following property : — 

Boracic acid possesses the peculiarity of forming 
complex acids with organic compounds containing 
several hydroxyls in theii' moliicule, which show a 
far more acid reaction than either boracic acid itself 
or the organic compounds in question. Probably the 
monovalent radicle boracyl, BO, takes the place of the 
hydroxy 1 hydrogen here, as iu the corresponding 
antimony compounds. 

10. Silicic Acid 

Silicic is an extraordinarily weak acid, the only 
soluble salts that it forms being those with the alkali 
metals. Tlie aqueous solutions of these are split up 
hydrolytieally to a very great extent, so that they 
show a strongly alkaline reaction ; the free silicic acid 
contained in such solutions is not dissolved in the 
ordinary form, but is in the colloidal state, and has 
consequently very little power of reaction. The 
changes in equilibrium brought about by a dilution 
or concentration of this solution do not therefore 
follow instantaneously, but require a more or less 
considerable time, and tlie phenomenon of chemical 
after-eff&A is very pronounced here, in that solutions 
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of the same composition and at the same temperatur^J 
possess by no means the same properties, but differentff" 
ones, according to the conditions through which the solu-1 
tion has passed. The electiical conductivity fumisheal 
the best means of observing such differences. 

The silicates of the other metals are insoluble m ■ 
water ; some of them can he decomposed by the 1 
ordinary mineral acids, hut others are not affected..! 
Speaking generally, the more basic a silicate ia ths'l 
easier it is to decompose, and hence it is a rule in I 
analysis to bring about this decomposahility through I 
acids by first fusing the silicate with an excess < 
the carbonates of potassium and sodium. By this n 
all the constituents of the silicate excepting the alkalies 1 
can be determined ; for the estimation of the latter, .[ 
the silicate must be treated with hydrofluoric acid. 
To this end the finely powdered mineral is covered I 
with an excess of aqueous hydrofluoric acid, and the I 
whole evaporated to dryness after the addition of I 
sulphuric acid. The silicon escapes as fluoride, while l 
the metals remain behind as sulphates. The addition J 
of sulphuric acid is essential, because silicon fluoride is J 
decomposed liy water, and hence some hygroscopic I 
substance must be present in order that the volatilisa- 
tion may be complete. 

When sHieates are decomposed by acids, the silicic B 
acid is separated in the colloidal state. Accordingjf 
therefore, to the degree of concentration, it either J 
remains apparently dissolved (when the solution is-fl 
very dilute), or it separates out in the form of jelijr J 
or powder. It is then at least partly soluble, whatever 1 
the conditions may be; so, to render it completely J 
insoluble, the whole must be evaporated to dryness,! 
and the residue heated for some tune to a littl^ 
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above 100°. It is necessary to take up this residue 
with dilute hydrochloric acid and not with water 
alone, as otherwise we get basic chlorides of magnesium, 
iron and aluminium formed, which are not perfectly 
soluble in water. 

The qualitative test for silicic acid depends upon 
its insolubility in a bead of fused sodium meta- 
phosphate. The metals which are combined with 
the silica to silicates dissolve in this, leaving — if 
silicic acid is present — a siliceous "skeleton," i.e. the 
undissolved silica swims about in the fused bead. 

Silicic acid hardly shows any ion-reactions proper, 
and at any rate none are applied for purposes of 
analysis. 



CHAPTEE XIII 

THE CALCULATION OF ANALYSES 

Since as a general rule the substances separated by 
analysis or otherwise quantitatively determined are 
not identical with those whose percentages it is the 
aim of the analyst to elucidate (cf. p. 100), the results 
obtained in the first instance have to undergo sub- 
sequent calculation. According to the fundamental 
stoechiometric laws, the amounts of substances which 
are capable of transformation one into the other are 
proportional among themselves, and therefore the cal- 
culation just referred to merely consists in multiplying 
by a definite factor, which represents the ratio between 
the combining weight of the substance found and of 
that required. In this way we arrive at the amount 
of the particular constituent in the material under 
analysis. The results are usually reckoned upon 100 
parts of the original substance, so that the final numbers 
represent percentages of the various ingredients. 

With respect to the calculation of the ultimate 
constituents, there is a total want of agreement between 
the various branches of chemistry. The most rational 
method is that followed in organic chemistry, where 
the calculation is always made back to the constituent 



elements themselves, and the results of the analysis 
stated iu this way without reference to any views that 
may be held regarding the constitution of the compound 
analysed. In inorganic chemistry, on the other hand, 
tliere is the greatest discrepancy in this respect. While 
the results of the analysis of compounds of entirely 
unknown constitution or of mixtures are often given 
in percentages of the constituent elements, it is usual 
in the case of compounds whose constitution is known, 
or is supposed to be known, to group the elements 
into proximate constituents. This naturally allows free 
play for the advancement of special views and practical 
considerations of the most various kinds, and there are 
iu fact some procedures still in vogue here which 
have been altogether abandoned in the other branches 
of the science. 

The department of mineral analysis affords us a 
striking example in point. It is still customary, in 
stating the composition of a complex silicate, to adhere 
to the dualistic formuIiB of Eerzelius, and to give the 
metals as oxides and the acids as anhydrides. The 
reason for this ultra-conservative procedure obviously 
lies in the fact that the arithmetical control of the 
results is most easily attained by so doing, since the 
sum of the constituents thus calculated must be equal 
to the original amount of substance taken, or — in a 
percentage calculation — equal to 100. This advantage 
however disappears when halogens are present in the 
compound, since their hydracids — which contain no 
oxygen — cannot be formulated as anhydrides. The 
analyst often helps himself out in such a case by 
imagining the halogen combined with one of the 
metals present and calculating it accordingly, although 
such a procedure is necessarily an arbitrary one. 
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The cEiIcoIation is still more arbitraiy after 
analysis of a mixture of diaaolved salts, such as c 
in natural waters. With regard to this, efforts ha< 
long been made in vaio to find some definite basis f 
the answer to the (question — How are the 
acids present combined with one another ? The final 
answer, to which we are led bj the dissociation t 
is that these are not combined at all, but that they- — oh 
rather the ions of the salts — lead separate existencesJ 
to which the only limitation is the law that the sumfl 
total of the positive ions mnst be equivalent to 1 
sum total of the negative. 

It follows from this that the simplest and beat 
of stating the results of an analysis would be to l 
only the ultimate elements themselves and thetrj 
relative amounts, and I do not hesitate to recommend! 
this procedure as being the most correct in principl&J 
Of course, by doing this one could not show, in tha^ 
analytical statement of results, in wliat form 
various elements were present in the compound ; butd 
it seems to me that it would be more appropriate ■ 
give such particulars separately, and thus to keep tl 
actual results of the analysis altogether free from any; 
hypotheses. It is true that we can m many cases citel 
experiment in justification of the old procedure, for J 
instance, when a compound contains iron both in the! 
ferrous and ferric states ; but it is easy to indicat&I 
this by some suitable sign, by ¥e" and Fe'" in the^ 
example just mentioned. 

Another case in which one would prefer to bring; 
groups into the calculation instead of nierely 
elements alone, would be that referred to in the laafc 1 
paragraph but one, when we know that the substance | 
analysed is a mixture of neutral salts such as occur in J 
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sea water and other similar natural solutions. We 
learn (e.^.) from this analysis that sulphur is not only 
present in the solution, but that it is present as 
sulphate in the form of the ion SO4. In such a case 
it is best to give the relative amounts of the ions 
without attempting to combine them together, as is 
still done even now, notwithstanding the definite 
statement in text-books that we know nothing for 
certain about the determining causes upon which this 
combination depends. A certain difficulty is caused 
here by carbonic acid, if it is present in excess, as it 
generally is in spring and well waters. The simplest 
plan is to calculate the " combined " carbonic acid as 
CO3 (which is the ion of the normal carbonates) from 
the amount of the metallic ions after deducting the 
other anions ; whatever carbonic acid remains over is 
to be given as free carbonic anhydride, COg. This is 
not in truth quite correct, for it is tolerably certain 
that such solutions in which excess of carbonic acid is 
present do not contain the ion CO3, but the mono- 
valent ion HCO3 of the acid carbonates. Since, how- 
ever, these are converted more or less completely into 
normal carbonates by boiling, it seems permissible to 
disregard this small complication and to reckon the 
carbonates as normal. 

The same rules would apply to all other such cases 
in which one was justified in laying stress upon a 
knowledge of the ions present. 



THE END 
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Introduction to the Study of Chemistry. By 

W. H. Perkin, jun., Professor of Chemistry in the Owens 
College, Manchester, and Bbvan Lean, D.Sc, B.A. (Lond.). 
Assistant Lecturer and Demonstrator and late Berkely 
Fellow of the Owens College, Manchester. Illustrated. 
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Experimental Proofs of Chemical Theory for 
Beginners. By William Ramsay, Ph.D., Professor of 
Chemistry in University College, London. 
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Practical Inorganic Chemistry. By G. S. TurpihJ 

M.A., D.Sc., Head Master of the Intermediate and Technica|l| 
School, Swansea. 
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A System of Volumetric Analysis. By Dr. 

Fleischer. Translated with notes and additions 
the Second German Edition by M, M. Pattison '. 
F.R.S.E., Assistant Lecturer on Chemistry, the ( 
College, Manchester. With Illustrations. 
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The Practical Methods of Organic Chemistry. 
By LunwiG GattbrmaN'N, Ph.D., A. O. Professor in the 
University of Heidelberg. Authorised Translation by William 
B. Shober, Ph.D., Instructor in Organic Chemistry in the 
Lehigh University. With numerous Illustrations. 
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Rlethods of Gas Analysis. By Dr. Walther 

Hempei., Professor of Chemistry, the Dresden Polytechnicum. 
Translated from the Second German Edition by L. M. Dennis, 
Assistant Professor of Analytical Chemistry in Cornell 
University. 
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A Laboratory Manual of Organic Chemistry. 

Compendium of I-aboratory Methods for the use of Chemisi 
Physicians and Pharmacists. By Dr. L.\ssar-Cohn. Pr 
fesEor of Chemistry in the University of Konigsberg. Tran 
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The Elements of Electrochemistry. By Max 1 

Blanc, Professor of Chemistry in the University 
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Chemistry in tlie Technical High School, Dresden. Trans- 
lated, with the Author's sanction, by Georgk M'Gowan, 
Ph.D., Demonstrator in Chemistry, University College o£ 
North Wales, Bangor. Second Edition. 
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The Elements of Thermal Chemistry. By M. M. 

Pattison Muir, M.A., F.R.S.E., Fellow and Pra^lector in 
Chemistry of Gonvillc and Caius College, Cambridge, assisted 
by David Muir Wilsok, With a plate. 

tf— "The 



iidllgen 



rangea infori 



isily auccsslblltr 



MtiTiK the mclho.l 



■gardme matter anf rncrgj'. 



Theoretical Chemistry from the Standpoint of 

Avogadro's Rule and Thermo- Dynamics. By Professor 
WftLTBR Nebnst, Ph.D., of the University of Gottingen. 
Translated by Professor Charles Skeblb Palmer, Ph.D., 
of the University of Colorado. With 26 woodcuts and 2 
appendices. 
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Outlines of General Chemistry. By Wh-helm 

OsTWALD, Professor of Chemistry in the IJniversityof Leipzig- 



Translated, with the Author's sanction, by James WalkbRj 
D.Sc, Ph.D., Professor of Chemistry in University CollM[eJ 
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Manual of Physico-Chemical Measurements..] 

By WiLHELM OsTWALD, Professor of Chemistry in lh( 
University of Leipzig. Translated, with the Author's sanction 
by James Walker. D.Sc, Ph.D., Professor of Chemistry ii 
University College, Dundee. Illustrated. 
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The Scientific Basis of Analytical Chemistry. 

Treated in an Elementary Manner. By WilhelmOstwald, 
Professor of Chemistry in the University of Leipzig. Trans- 
lated, with the author's sanction, fay George M'Gowan, 
Ph.D. 
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A Treatise on Chemistry. By Sir H. E. Roscok, 
F.R.S., and C. Schorlbmmer, F.R.S. 

Vol. I. The Non-Metallic Elements, zis. New Edition, com- 
pletely revised by Sir H. E. Roscoe, nssisted by Drs. H. E. 
CoLMAN and A. Harden. With Illustrations and a portraiE 
of Dallon engraved by C. H. Jeess, 

Vol.11. Metals, ^ts. 6d. 

Vol, III, The Chemistry of the Hydrocarbons and their deriva.- 
tives, or Organic Chemistry. Part I. 21!. Part II. 2ls. 
Part III. iSj. Part IV. 21s. Part V. i8s. Part VI. 2U. 
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The Rise and Development of Organic ' 
Chemistry. By Carl Schorlemmkr, LL.D., F.R.S., late 
Professor of Organic Chemistry in the Owens College, 
Manchester. Edited by ArthurSmitbells, B.Sc, Professor 
of Chemistry in the Yorkshire College, Leeds. 
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A Series of Chemical Problems. With Key, For 

use in colleges and schools. By T. E. Thorpe, Ph.D.i 
B.Sc. Vic.Sc.D. Dubl., F.R.S., Professar of Chemistry in 
the Royal College of South Kensington. Revised and enlarged J 
by W. Tate, Assoc. N.S.S. (Honours), F.C.S. With a pre ^ 
face by Sir H. E. RoscoE, B.A., Ph.D., F.R.S., M.D. Nm 
Edition. 

Crown Svo. 8i. 6rf. net. 

Essays in Historical Chemistry. By T. E. Thorpi 

Ph.D., B.Sc. Vic, Sc.D. Dubl., F.R.S., Professor 
Chemistry in the Royal College of South Kensington. 
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Physics for Students of Medicine. By Alprbd 

Dasibll, M.A., LL.B., D.Sc, F.R.S.E.. of the Inner Temple, 
Barrister-at-Law, ^^ember of the F'aculty of Advocates in 
Scotland, formerly Lecturer on Physics in the School of 
Medicine, Edinburgh. 
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Practical Lessons in Physical Measurement. 

By Alfred Earl, M.A., late Scholar of Christ's College, 
Cambridge, of the Inner Temple, Barrister-at-Law, Senior 
Science Master at Tonbridge School. 
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An Exercise Book of Elementary Practical" 

Physics for Orc-anised Science Schools under the Department 
of Science and Art Evening Continuation Schools, a.nd Ele- 
mentary Day Scliools. Arranged according to the Head 
Masters' Association's Syllabus of Practical Physics. By 
Richard A. CRecoRV, F.R.A.S. 



Globe 8vo. is. 6,!. 

An Introduction to Practical Physics for use in J 

Schools. By D. Rintoul. M.A., Assistant Master at CliftonJ 
College, and sometime Felloiv of Corpus Christ! College, T 
Cambridge. 



Foolscap Svo. 31. 6d. 
Examples in Physics. Containing over 1000 probler 

with answers and numerous solved examples. Suitable fo^l 
candidates preparing for the Intermediate, Science Preliminary, ' 
Scientific and other Examinations of the University of 
London. By D. E. Jones, B.Sc. (Lond.), Director of 
Technical Instruction to the Staffordshire County Council, 
late Professor oi Physics in the University College of Wales, 
Aberystwyth. Second Edition, 
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Elementary Lessons in Heat, Light and Sound. 

By D. E. Jones, B.Sc. (Lond.), Director of Technical In- 
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Lessons in Heat and Light. By D. E. Jones, b.Sc. 

(Lond.), Director of Technical Instruction to the Staffordshire 
County Council, laie Professor of Physics in the University 
College of Wales, Aberystwyth. Illustrated. 
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Questions and Examples on Elementary Experi- 
mental Physics, Sound, Light, Heat, Electricity and Mag- 
netism. By Benjamin Loewy, F.R.A.S., etc., Examinerin 
Experimental Physics at the College of Preceptors, London. 
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Numerical Tables and Constants in Elementary 

Science, By Sydnev Lupton, M.A., Assistant Master in 
Harrow School. With a map and table. 
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series of simple, enlertaining and inexpensive experi- 
the plienomena of light. For tlie use of students of >] 
. By Alfreh M. Mayer and Charles Baknard,. 
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A Laboratory Manual of Physics and Applied 

Electricity. Arranged and Edited by Edward L. Nichols. 
Professor of Physics in Cornell University, In Two Volumes 
Illustrated. 
Vol.1. Junior Course in General Physics. By Ernest Mbrritt I 
and Frederick J. Rogers. 

(For Vol. n, see under Physics, Advanced.) 





In 3 vols. 8vo. 6j, net eacli. 

The Elements of Physics, a College Text-Book. 

Edward L. Nichols and William S. Fuanklin. 
Vol. I. Mechanics and Heat. 
Vol. II. Electricity and Magnetism, 



Vol.111. Light and Sound. 
Of Volume I. 
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Lessons in Elementary Physics. Bv Balfour 
Stkwart, M.A., LL.D., F.'B.S., late Langworlhy Professor 
of Physics, Owens Collefie, Manchester, and Professor of the 
Victoria University. With a coloured spectrum. New and 
enlarged edition. 
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Questions on Stewart's Lessons in Elementary 
Physics. By T. H. Core. 



In 3 vols. Crown 8vo. 

Lessons in Elementary Practical Physics. By 

BalI'ol'r Stewart, I-L.U,, F.R.S., late Langworthy Pro- 
fessor of Physics, Owens College, Manchester, and Professor 



oE the Victoria University, and W. W. Haldane ' 
Demonstrator and Assistant Lecturer in Physics, [he Ow» 
Collcg-e. 
Vol, I. General Physical Processes. 6s. 
Vol. II. Electricity and Magnetism, js. dd. 
Vol. in. Part I. Practical Acoustics. By C. L. Barnes, M./ 
F,C,S. 4J. Cid. 
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In 2 vols. Globe 8vo. 

Practical Physics for Schools and Junior Stu- 
dents of Colleges. By Balfour Stewart, M.A, LL.D., 
F.R.S., late Langworthy Professor of Physics, Owens College, 
Manchester, and Professor of the Victoria University, and 
W. H. Haldane Gee, Demonstrator and Assistant Lecturer 
in Physics, the Owens College. 

Vol. I. Electricity and Magnetism. 21. &/. 

Vol. II. Optics, Heat and Sound. [fn preparation. 

Of Volume I. 



:n the mode ufUi man 



le tasUy within tbe range of r 



IIUfaavB;—" This isa very terTiccableiuiaelolaborBt 
iJieated,wrilWnfromlhepDiBtof liewoithc wgrkthop 



Foolscap 8vo. 31. 6d. 

Elementary Lessons on Sound. By Dr. W. H. 

Stone, Lecturer on Physics at St. Thomas's Hospital. With 
IllitstraCions. 
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Elementary Lessons in Electricity and Mag- 
netism. By SiLVANus p. Thompson, D.Sc, F.R.S-, 
Principal and Professor of Physics in the Technical College 
Finsbury. With Illustrations. New Edition. 
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athematical and Physical Tables. For the 

of Students in Technical ^Schools and Colleges. By James 
P. Wrapson, B.A. (Dublin), Chief Leclurer In Pure and 
Applied Mathematics at the Municipal Technical School, 
Manchester, and W. W. Haldane Gee, B.Sc. (Lond.), Chief 
Lecturer in Physics and Electrical Engineering at the J 
Municipal Technical School, Manchester; formerly Lecturer 1 
of the Victoria University. 
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A Text-Book of the Principles of Physics. By-J 

Alfred Daniell, M.A., LL.B., D.Sc, F.R.S.E., of the! 
Inner Temple, Barrister -at -Law, Member of the Faculty ofj 
Advocates in Scotland, formerly Lecturer on Physics in the.J 
School of Medicine, Edinburgh. Third Edition (Seventh J 
Thousand) . 
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Illustrations of the C.G.S. System of Units. 

With Tables of Physical Constants, By J, D. Everett, 
M.A„ D.C.L., F.R.S., F.R.S.E., Professor of Natural 
Philosophy, Queen's College, Belfast. Fourth Edition. 
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Absolute Measurements in Electricity and 

Mag-nelism, By Ahdrbiv Gbav, M.A., F.R.S.E., Professor 
of Physics in tne University College ot N. Wales. Second 
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Magnetism and Electricity. By Andrew Gray, m.A., 

F.R.S.E., Professor of Physics in University College of 
N. Wales, Bangor. Vol. I. 14s. net, 
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Modern Views of Electricity. By OLtvEa j. Lonot 

D.Sc, LL,D., F.R.S., Professor of Experimental Physics i 
University College, Liverpool. With Illu 
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A Laboratory Course in Experimental Physics. 

By W. G. Loudon, B.A., Demonstrator in Physics in the 
University of Toronto, and G.C. McLennan, B.A., Assistant 
Demonstrator in Physics in the University of Toronto. 
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A Laboratory Manual of Physics and Applied 

Electricily. Arrangeid and Edited by Edward L. Nichols, 
Prcfeasor of Physics in Cornell University. In Two Volumes. 
IlluslralEd. 

(For Vol. I. see under Physics, Elementary.) 
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By Gborgb S. Moler, Frederick Bgdeli,, Hombk G. 
HoTCUKiss, Charles P. Matthews, and the Editor. 
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Intermediate Course of Practical Physics. By 

Arthur Schuster, F.R.S., Professor of Physics in theOwens 
College, Manchester, and Charles H. Lees, D.Sc. 
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First Lessons in Practical Botany. By G. T. Bbttany, 

M.A., B.Sc, F.L.S., Lecturer on Botany in Guy's Hospital 
Medical School. 
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Practical Botany for Beginners. By F. O. Bow 

D.Sc, F.L.S.p Regius Professor of Botany in the Univer; 
of Glasgow. 
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Botany. By Sir J. D. Hooker, K.C.S.I., C.B., M.D., 
D.C.L. Oxon., LL.D. Cantab., F.R.S., F.L.S., F.G.S. 
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The Living Organism. An introduction to the Problems 
of Biolwy. By Alfred Eakl, M.A., late Scliol.ir of 
Christ's tfollege, Cambridge, of the Inner Temple, Barrister- 
Bt-Law. 



New Edition. In Preparation. 

An Atlas of Practical Elementary Biology. By I 

G. B. HowBS, Assistant Professor of Zooli^y, Normal School 
of Science and Roya! School of Mines, Lecturer on Compara- 
tive Anatomy, St. George's Medical School, London. With 
a Preface by Professor Huxley, F.R.S. 

n the haods of a larEc number of 
lid Ihem In tbiHr inillal Itcpn Into 
. . Mr. Howea's txwk ft not only 
ul the latlrr arc .xcwdinKl/ well 

ara, Ihe fern and a fluwerirg plant, 
animali and planta, Wewlitiit 



Crown 3vo. los. 6d,' 

A Course of Elementary Instruction in Practical 

Biology. By Professor T. H. Huxley, F.R.S., assisted by 
H. N. Martin, F.R.S., Professor of Biology in the John 
Hopkins University. Third Edition, revised and extended by 
G. B. Howes, Assistant Professor, Normal School of Science 
and Royal School of Mines, and D. H. Scott, Ph.D. With 
a Preface by T. H. HUXJ.BY, F.R.S. 
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Lessons in Elementary Botany. By Daniel 

Oliver, F.R.S., F.L.S., formerly Keeper of the Herbarium 
and Library of the Royal Gardens, Kew, and Professor 
of Botany in University College, London. The Part on 
Systematic Botany based upon material left in manuscript by 
the late Professor Hbnslow. With numerous Illustrations. 
Third Edition. 
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Crown 8vo. los. 6d. 

Lessons in Elementary Biology. By T. Jeffbry 

Parker, B.Sc, F.R.S., Professor of Biology in the University 
of Otago, New Zealand. Illustrated. Third Edition. 
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Biology for Beginners. By T. Jeffery Parker, B.Sc. 
F.R.S., Professor of Biology in the University of Otago, Nev 
Zealand. [In preparation 

BIOLOGY, 

ADVANCED. 

Medium Svo. Vol. I., iSj,; Vol. II., 211. 

A Treatise on Comparative Embryology. By p.m. 

Balfour, M.A., F.R.S., Fellow and Lecturer of Trinity 
College, Cambridge. In Two Vols. Second Edition. 

which are due from zoologist, to Mr! Ba'foot for the oecution oi Ihe great taslc 



8vo. 21J. net. 

Materials for the Study of Variation. Treated with 

especial regard to Discontinuity of the Origin of Species, 
By William Bateson, M.A., Fellow of St. John's College, 
Cambridge. 
JC/£W£.— " Aparlfrom these and a tew other more prieangpeeiiialhe mallcra 



WJTOKE.— "The wholf work innat he carefully read h 

Crown 8vo. Price los. 6d. 

A Course of Practical Instruction in Botany. 

By F. O. Bower, D.Sc, F.L.S,, Regius Professor of Botany 
in the University of Glasgow. 

THE SArVRDAr KBymV.—" There can bt LilUe doubt thai this book has onw 
country." 

NAruKE.—'-lbc eitensiveehango which I 




Medium Svo. 17s. net each volut 

The Cambridge Natural History, Edited by 

S. F, Harmer, M.A., Fellow of King's College, Cambridge, 
and Superintendent of the University Museum of Zoology; 
and A. E. Shipley, M.A„ Fellow of Christ's College, Cam- 
bridge, University Lecturer on the Morphology of Inverte- 
brates. Illustrated. 

Vol. H. Flatworms AND Mesozoa. By F.W. Gamble, M.Sc. 
(Vict.), Owens College. Nemertines. By Miss L. 
Sheldon, Newnham College, Cambridge. Thrbad-Worms 
AND Sagitta. By A. E. Shipley, M.A., Fellow of Christ's 
College, Cambridge. Rotifers. By Marcus Hartog, 
M.A., Trinity College, Cambridge, (D.Sc. Lond.), Professor 
of Natural History in Queen's College, Cork. Polychaet 
Worms. By W. Blaxland Benham, D.Sc. (Lond.), Hon. 
M.A. (Oxon.), Aldrichian Demonstrator of Comparative 
Anatomy in the University of Oxford. Earthworms and 
Leeches. By F. E. Beddard, M.A. (Onon,), F.R.S., 
Prosector to the Zoolf^ical Society, London. Gephyrea and 
Phoronis. By A. E. Shipley, M.A., Fellow of Christ's 
College, Cambridge. Polvzoa. By S. F. Harmer, M.A., 
Fellow of King's College, Cambridge. 

Vol. III. Molluscs AND Brachlopods. By Rev, A. H, Cooke, 
M.A., Fellow of King's College, Cambridge. Brachiopods 
(Recent). By A. E. Shipley, M.A., Fellow of Christ's 
College, Cambridge. Brachiopods (Fossil). By F. R, C. 
Reed, B.A., Trinity College, Cambridge, 



Vol, V. Peripatus. By Adam Sedgwick, M.A., F.R.S., 
Fellow and Lecturer of Trinity College, Cambridg-e. Mtria- 
Pons. By F. G. Sinclair, M.A., Trinity t^ollege, Cambridfre. 
IKSBCTS. Part I. By David Sharp, M.A. Caniab-, M.B, 
Edin., F.R,S. 

Vol. IX. Biros. By A. H, Evans, M.A. 
Of Volume II, 

EIF sayn;— "Mmlnr Ihc articlcB are of a veiy high 
ibhihed. ... We may say wiOi conK^nc^ Ihac ^c 
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New Edition. 8vo. los. 6rf. 
The Botanical Text-Book. Partl. Structural Botany r 
or Organography on the Basis of Morhpology. To whiih 
is added the Principles of Taxonomy and Phytography, and 
a Glossary of Botanical Terms. By Asa Gray, LL.D,, Fisher 
Professor of Natural History (Botany) in Harvard University. 
Sixth Edition. 
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Globe 8vo. loj. 6d. 

The Student's Flora of the British Islands. By 

Sir J. D. Hooker, K. C.S.I. , C.B., M.D., D.C.U Oxon., 
LL.D. Cantab., F.R.S., F.L.S,, F.G.S. Third Edition. 
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Crown 8vo. JOS. 6d. 

An Introduction to the Osteology of the Mam-1 

malia ; being the substance of the course of lectures delivered^ 

at the Royal College of Surgeons of England in 1871 

Sir William Henry Flower, F.R.S., F.R.C.S.. D 

of the Natural History Department of the British Museum. 1 

Illustrated. Third Edition Revised with the assistance of 

Hans Gadow, Ph.D. 

THE /TT£R/WRI'JOt'RiV^i.—"PrgfcsHir Flower's CKcellent little manual 



n 8vo. 



!. bd. 



The Elements of Embryology. By Professor 

Michael Foster, M.A„ M.D., LL.D., F.R.S., Professor of 
Physiology in the Utiiversity of Cambridge, and the late 
F, M. Balfour, F.R.S., Professor of Animal Morphology 
the University of Cambridge, Second Edition, revised. 
Editcdby A. Sedgwick, M.A., Fellow and Assistant Lecturec 
of Trinity College, Cambridge, and W. Heape, M.A.,J 
late Demonstrator in the Morphological Laboratory of thai 
University of Cambridge. Illustrated. 

1HS LANCEf.—" Eminently piaclical r Ihe be« buuk fpi Ihow 
In which practical woik ami manual skill In the subject are reiiulc 



8vo. 



los, 6rf. 
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Physiological Botany. I. Outlines of the History of 

Ph^nogamoos Plants. H. Vegetable Physiology. By 
G. Lincoln Goodalb, A.M., M.D., Professor of Botany 
in Harvard University. Being Gray's " Botanical Text- 
Book." Vol. n. Sixth Edition. 

THE BH/f!SH MEOICAL JOURSAL.—" II Ig probably Ihe belt conpendium 
of phyaiological botany in the English lansuagc.coOBlBtingofBlcaninEB from the 
wiirka of thr most authoritative writers on the latlouB branches of ttie aubjict, 
including the original illustrallonB." 

THE i.JWBT,— ■■ What is wanted In a text-boot is ... thai wH ascertained 
facts are placed befoie the student in a clear and Inlelllgent manner, and that a 
doe proportion la maintained hetw«n the sEVnal parla, bo that the more Impor- 
tant are hTougbt ant distinctly and impressed on the mind of the student, vviCh 
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In 2 vols. Medium 8vo. 36s. net. 
A Text-Book of Zoology. By T. Jeffery Parker, 
B.Sc, F.R.S., Professor of Biology in the University of Otago, 
New Zealand, andProfessor W. A.Haswell, of the University 
of Sydney, Profusely Illustrated. 

EXTRACT FROM PREFACE.— " In spile of its bulk, tbepiesenl uoik la 





HUMAN ANATOMY. 

Medium 8vo. Vol.1. i8j. Vol. 11. 21J. 

A Treatise on Comparative Embryology. 

F. M. Balkour, M.A., F.R.S.. Fellow and UcLure 
Trinity College, Cambridge, In Two Volumes. Second 



Edition, 



man Bud the higher* 
ary of emhr^Dldgical kn 



vordcl 






'suTE^woik 



Foolscap 8vo. 6s. 6d. 
Lessons in Elementary Anatomy. By St. Gkorge 

MiVART, F.R.S., etc., Lecturer on Comparative Anatomy 
at St. Mary's Hospital, Author of " The Genesis of Species, 
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brates only. By Dr. Arnold Lj\no, Professor of Zoology in 
IheUniversily of Zurich. With Preface to the English Transla- 
tion by Professor Dr. Ernst H«ckel, Director of the 
Zoological Institute in Jena. Translated into English by 
" " . M. A., and Matilda Bernard. 
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Large Svo. 25*. 

Human Embryology. By Charles Sedgwick Mmo-ri 
Professor of Histolog-y and Human Embryology, Harvar 
Medical School,. Boston. With 463 Illu; 



the book 1» wrllten. The 
arefully the 



th( En«li»h 1; 
NArORE.— 



int Df Embiyolii 
E. . , . The Itea 
i£ Ike present sla 
foA befoie wa 



Crown 8vo. Bj. 6d. 

Course of Instruction in Zootorav. Verte- 

brata. By T. Jei'I'ery Parker, B.Sc, F.R.S., 'Professor of 
Biology in the University of Otago, New Zealand. With 
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The Structure of Man : 



Index to his Past 



History. By Robert Wiedershkim, Professor of Anatotny, 
and Director of the Institute of Human and Cotnparative 
Anatomy in the University of Freiburg, in Baden. Translated 
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by H. and M. Bernarh. The Translation, edited and 
annotated and a preface written by G. B. Howes, F.L.S., 
Professor of Zoolt^y, Royal College of Science, London, With 
IDS figures in the text. 

DICAL yoUR.VJt.—" Viewed a; a KriM df problsms 
{of the Mody of human anatomy] l< of enftancing 
Kl thai WLtdtrBhelm preienta ' The Sltnclure of Man? 
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Medium 8vo, 121, 6d. net. 

Elements of Comparative Anatomy of Verte- 
brates. Ad.iptcdfrom the German of Robert Wiedersheim, 
Professor of Anatomy and Director of the Institute of Human 
and Comparative Anatomy in the University of Freiburg, in 
Baden. By W. Newton Parker, Professor of Biology in 
the University College of S.Wales and Monmouthshire. With 
Additions by the Author and Translator. 2nd Edition. 
333 Woodcuts. 

EXTRACT FROM PREFACE TO THE FIRST EDITION.— " The 
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SECOND EDITION.— 
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tdt-bUDhi as Prnfcisora Balfonr and Ziccier't works, but actually improving 



PHYSIOLOGY. 



Vols, t. and II. Evo. ijs. net each. 

Electro-Physiology, By W, BiEtJEnMANN, Professor ( 
Physiology in Jena. Translated by Frances A. We 
Wcth 135 Illustrations. 
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PottSvo. ir. 

A Primer of Physiology. By Michael Foster, M.A.,.J 
M.D., LL.D., F.R.S,, Professor of Phj^siology in the University J 
of Cambridge, and Fellow of Trinity College, Cambridge, 
With Illustrations, [^Science Primers. 

JMrcse.—" We are snrs that there Ib no bonk which cnuld be marc pro rilably 
placed In the hands of the yoHlh oE both Mies sa a means ot Intellectual ttainlnK 
and general culture, than this amsll work of I>r. Fester's. It poBseiiea the 

vfonldlead to the adaption, hi'all, of means for the healthy msinteirsnce of life 
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In 4 Pans. fivo. 

A Text-Book of Physiology. By Michael Fostbr, 
M.A., M.D., U„D., F.R.S., Professor of Physiology in the 
University of Cambridge, and Fellow of Trinity College, 
Cambridge. Illustrated. Sixth Edition, largely revised. 
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Part IV., comprising the remainder of Book HI, The Senses 
and Some Special Muscular Mechanisms, and Book IV. The 
Tissues and Mechanisms of Reproduction, tos. fid. 
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Svo. Ts. 6d. 
The Chemical Basis of the Animal Body. An 

■Appendix to Foster's " Text-Book of Physiology." By A. 
Sheridan Lea. M.A., D.Sc, F.R.S. Fifth Edition. 



Crown S 



7^. 6d. 



A Course of Elementary Practical Physiology 
and Histology. By Professor Michael Foster, M.A., 
M.D., LL.D., F.R.S., and J. N. I-anglet, F.R.S., Fellow of 
nity Collie, Cambridge. Sixth Edition, 



Globe 8vo. IS. 6rf. 

Physiology for Beginners, By Michael Foster, 
'M.A., M.D., LL.D., F.R.S., Professor of Physiology in the 
University of Cambridge, and Lewis E. Shore, M.A., 
M.D., Senior Demonstrator in Physiology in the University 
of Cambridge, 



TffE EDUCAflONAL WSffS.— " Fillni 
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Vol. It. Medium Svo. iSs. 
X of the Physiological Chemistry 
the Animal Body, including an account of the chemical 
changes occurrinc- in disease. By Arthur Gamceb, M.D., 
F.R.S., Brackenbury Professor of Physiology in the Owens 
College. Vol, II. The Physiological Chemistry of Digestion, 
With Illustrations. 

■THELAHCEf.—" The best inanualon the a.ibject ... tor advani^ed stHdenU." 
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Pott 8vo. 4\. 6d. 

Lessons in Elementary Physiology. By Professor 

T. H. HustEY, F.R.S. Illustrated. Fourth Edition. 
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Pott Svo. IS. 6d. 

Questions on Huxley's Lessons in Elementary! 

Physiology for the use of Schools. By Thomas Alcock,,! 
M.D. Fifth Edition. 




37 
Medium Svo. 
General Physiology. An outline of the Science of 
Life. By Max Verworn, M.A., Ph.D., A.O., Professor 
of Physiology in the Medical Faculty of the University of 
Jena. Translated from the Second German Edition, and 
edited by Frederic S. Lee, Ph.D., Adjunct Professor of 
Physiology in Columbia University. With 285 illustrations. 



PATHOLOGY ANO BACTERIOLOGY. 

In 2 vols. Medium Svo. 
A Text-Book of Pathology. Systematic and Prac- 
tical. By D. J. Hamilton, M.B., F.R.C.S.E,, F.R.S.E., 
Professor of PatholM'ical Anatomy (Sir Erasmus Wilson 
Chair), University College of Aberdeen, Copiously illus- 
trated. Vol. I. 211. net. 
Vol. II, Parts I. and II. ijs. net, each part. 

laz E.iWCEJ'.— " The moBl compltle and systematic work publUhed In the 
Ent(lltli lansuage. Contains a very fulL and ncciiialc blblioBraiJhy. InvaLiiable 

THE EDINBVRGR MEDICAL JOURNAL.— "ThcbootiaigratvaA. That 
U should late its pjace as the first lext-booV of pathulozy Uiere can be little 

Methods of Pathological Histology. By c. von 

Kahlden, Assistant Professor in University of Freiburg, 
Translated by H. Morley Fletcher, M.A., M.D. With 
an Introduction by G. Sims Woodhead, M.D. 



inslatingihii well known and highix valued work of Prnfeaaor v. Kahlden. 
this we entirely agree. The tTanslatiiin is well done and the editor's foot- 



Crown Svo. 41-. dd. 

A Course of Elementary Practical Bacteriology. 

Including Bacteriological Analysis and Chemistrj'. By A. A. 
Kanthack, M.D., M.R.C.P., and J. H. Drysdale, M.B., 
M.R.C.P. 



Crown Svo. 5s. 

be Bacteria in Asiatic Cholera. 

M.D., F.R.S-, lecturer on General Anator 
in the Medical School of St. Bartholomev 
fessor of Bacteriology at the College of 
London, 
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of every step of KocK's arguTnent, an* rna/be said 10 mntain''eiervtWn8 
can ai present be said agalnat Koch's thegvf, of which the aiiihor is the 
active opponent." 

Crown Svo. 101. 6d. 

Mirco-Organisms and Disease : An introduction into 

the study of specific in icro- organisms. By E. Klein, M.D., 
F.R.S., Lecturer on General Anatomy and Physiology in the 
Medical Sthool of St. Bartholomew s Hospital, Professor of 
Bacteriology at the College of State Medicine, London. New 
Edition. Revised. With 20 ■" 

THE t^NCRr,— "A sundaril teit-book." 

THE BKiriSH MEDICAL yOtKWJl.— "Ten 

edLlion of Ibis book appeared, and (he ni — "'"" 
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In 3 Parts, Medium Svo. 

\ Text-Book of Pathological Anatomy and 

Patho- Genesis. By Ernst Ziegleb, Professor of Patholo- 
gical Anatomy in the University of Tubingen. Translated 
and edited for English Students by Donald MacAlister, 
M.A., M.D., Fellow of the Royal College of Physicians, Fellow 
and Medical Lecturer of St, John's College, University Lecturer 
in Medicine. 
Part L GeneralPathologicalAnatomy. Second Edition, \2s.6d. 
Partll, Special Pathological An atomy. Sections I,- VI IL I7j,nel, 
Part III. Special Pathological Anatomy, Sections IX,-XV. 




PHARMACOLOGY AND THERAPEUTICS. 

Svo. In One Vol. 2ij. In Two Vols. 221. 6d. 

A Text-Book of Pharmacology, Therapeutics 

and Materia Medica. By T. Laoobb Brunton, M.D., 
D.Sc., F.R.S.. Fellow of llie Royal College of Physicians; 
Assistant Physician and Lecturer on Materia Medica at St. 
Bartholomew's Hospital ; Examiner in Materia Medica in 
the University of Oxford; late Examiner in the Universities 
of Edinburgh and London, in the Victoria University, and in 
the Royal College of Physicians, London. Adapted to the 
United States' Pharmacopceia by F. H. Williams, M.D. 
Third Edition, containing the additions, iSgt, to the British 
PharmacopiEia. 

THE Ej*AiC£T.~"The Btudcnl for Ihfl highct eiaminationa would be wdl 
irelllse and^fls i work of referrnw, and ia admirably written" " ^'"^ "^ 

THE BRiriSa MEDICAL JOUHHAL "We fdel Ihal we cannot tpcall loo 

highly oE D[. BruQtQn'B wnrtc It ia woithy of his high rcpuEalion as a 
pharmacDloBiat. and ia undDubledly the b*8t treatise on the subject in the 
lingliah language." 

Crown Svo. 6s. 

Pharmacology and Therapeutics : or Medicine, Past 

and Present. The Goulstonian Lectures delivered before the 
Royal College of Physicians in 1877. By T. Lauder 
Brusto.v, M.D., D.Sc, F.R.S. 

NAfvRE.—" The book ia nne which may be etudled with bencliC by all 
medical men, and ihnse not belonging to the niofessioo who deaire to have an 
inalgbt into aome of the tendencieaormDdern medicine will findtCatriutwonhv 
andlntelligent gTiide." 



large am(,Tml ol iniormatiun which ii conveyed in an eaay and pleasant Bljie." 

8vo. IDS. 6d. net. 
The Action of Medicine. Being the Course of Lectures 
on Pharmacology and Therapeutics delivered at St. Bartho- 
lomew's Hospital during the Summer Session of i8g6. By 
T. Lauder Brunton, M.D., D.Sc, F.R.S. 

delivered by the author i'n Ihe^Medlca? ^h<»"Df St. BanhD^mew-i Kinpi'iil! 
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An Introduction to Modern Therapeutics, By ' 

T. Lal'der Drunton, M.D., D.Sc, F.R.S. ; Delivered before 
the Royal College of Physicians in London, June, i88g. 
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3.. 6rf. 
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Lessons on Prescriptions and the Art of Pre- 
scribing. By W. Handsel Griffiths, Ph.D., L.R.C.P.E., 
Licentiate of the Royal College of Surgeons, Edinburgh; 
Professor of Chemistry in the Ledwich School of ft]edicinc. 
Dublin; etc. 

GIT'S HOSPITAL GAZKirE.—'' Ws can commend Ihr wotk 10 the attentinn 
believe the practitioner will drid in it many a useful reference in cases of 



Crown S\a. Ss. (id. 
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A Text-Book of General Therapeutics. By w. 

Hale White, M.D., F.R.C.P., Senior Assistant Physician 
to, and Lecturer on Materia Aledica and Therapeutics at, 
Guy's Hospital. With Illustrations. 

'iNiL.—"Tbcrt are vety readable and well 
mabsage, baths, cleelriclty, hypnotism and 
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GYNECOLOGY. 



A rSystem of Gynaecology. By Many Writers. 
Edited by T. CLi>FORn Allbutt, M.A., M.D., LL.D., 
F.R.C.P., F.R.S., F.L.S., F.S.A., Regius Professor of Physic 
in the Uni\'ersity of Cambridge, etc., etc., and W, S. Play- 
fair, M.D., F.R.C.P. 
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SURGERY. 




Royal 


8vo. lOS. net. 



A Treatise on the Ligation of the Great Arteries 

in Continuity. With Observations on the Nature, Progress 
and Treatment of Aneurism. By Charles A. Ballancb, 
M.B., M.S, Lond,, F.R.C.S., Assistant Surgeon to St. 
Thomas's Hospital, and Walter Edmunds, M.A., M.C. 
Cantab., F.R.C.S.. Resident Medical Officer, St. Thomas's 
Home. Illustrated by lo plates and 232 figures. 

have been carried on, and Ihe light they hare thrown on many polnls of purely 
scicslllic Interest, eannoi fail la eetablieh Itie reputation of ihe aulhon as able 
and earnest invest igators." 

rHE LA!ICET.—"No labonr has been spateil to make the in.estigalion 



A Treatise on Diseases of the Nose and its 

Accessory Cavities. By Greville Macdonald, M.D. 
(Lond.), Physician to the Hospital for Diseases of the Throat. 



A Clinical Treatise on Diseases of the Breast. 

By A. Marmaiiukb Sheild, M.B. (Cantab.), F.R.C.S., 



Senior Assistant Surgeon and Lecturer on Practical Surgery 
to St. George's Hospital ; late Assistant Surgeon, Aural 
Surgeon, and Lecturer on Operative Surgery to Charing Cross 
Hospital; Assistant Surgeon to the Hospital for Wornen and 
Children, Waterloo Bridge Road. With numerous illus- 

Medium 8vo. 17s. net. 

Deformities. A Treatise on Orthopsedic Surgery, intended 

for Practitioners and Advanced Students. By Alfred H. 

Tubby, M.S. Lond., F.R.C.S. Eng. Illustrated with 15 

plates and 302 figures, of which 200 are original, and by notes 

■THE LASCET.— -Notes or a hundred casss are giren, comlnc (or the most 
pan from Mr. Tubhy's OMn c-as^-boDkB ; they add peatlj to rhe inttrest o( Ihc 

this b^ wc f«!l Jnitllied In eipreBalng tU opinion tliat It ii one nf tbE'mosI 
THE EDISSVRGH MEDICAL JOURHAt.—" Mr. Tubhy's work on OrthopadH 



1 



MEDICINE. 

In S Vols. 8vo. 251, net. per Vol. 
A SvSteni of Medicine. By Many Writers. Edited by 
f. Clifford Allbutt, M.A., M,D., LL.D., F.R.C.P., 
F.R.S., F.L.S., F.S.A.. Regius Professor of Physic in the 
University of Cambridge, etc., etc. 

Vol. I. Prolegomena and Infectious Diseases, 

Vol. IL The Intoxications and the Parasites! General Diseases 
of Obscure Causation. 

Vol, III. General Diseases of Obscure Causation; Diseases of 
Alimentation and Nutrition, 

Vol. IV. Diseases of Ductless Glands ; Diseases of the Respira- 
tory System ; Diseases of the Circulatory System. 

Vol. V. Diseases of the Muscles; DiseasesoftheNervous System. 

Vol. VL Diseases of the Circulatory System ; Diseases of the 
Muscles, etc. 

Vol. VII. 

Vol. VIII. 

Of Volume I. 
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rHE BRITISH MEDICAL JOURNAL says:—" We welcome the first instalment 
of a work which must rank as one of the most important standard books of medi- 
cal reference in the English, or indeed any, language that has appeared for many 
years. . . . Professor Clifford Allbutt has every reason to feel proud of the result 
of his labours and to anticipate certain success." 

Of Volume II. 

THE LANCET says : — "We have, we trust, said enou.(;h to show our appreciation 
of the amount of scientific information that it imparts. The work is one which 
reflects great credit upon British medicine. We venture to think that when 
completed it will take a prominent position in the ranks of treatises of similar 
scope." 

THE BRITISH MEDICAL JOURNAL says:— "In conclusion, the high standard 
of the first volume is well maintained, and the title * A System of Medicine ' is so 
fully justified that the Editor must be heartily congratulated on the success of 
his constant labours and anxieties. The printing, binding and general execution, 
of the work are alike admirable and form an appropriate setting for the contents." 



8vo. js. net. 

On Diseases of the Vermiform Appendix. With 

a consideration of the Symptoms and Treatment of the 
Resulting Forms of Peritonitis. A Dissertation presented ta 
the University of Oxford for the degree of Doctor of Medicine 
in April, 1894. By Herbert P. Hawkins, M.A., M.D. Oxon., 
F.R.C.P., Assistant Physician to, and Lecturer on Pathology 
at, St. Thomas's Hospital, Assistant Physician to the London 
Fever Hospital, late Radcliffe Travelling Fellow of the 
University of Oxford. With 12 charts. 

THE BRITISH MEDICAL JOURNAL.—" It embraces a capital summary of 
current views upon appendicitis together with the author's own careful clinical 
and pathological investigations of a long series of cases. The quality which 
above all others pervades the book and gives it a distinctive and exceptional 
\aiue, is that of a critical acumen; the reader cannot but feel that the con- 
clusions arrived at are not mere obiter dicta but the logical deductions of a 
well-balanced judgment." 

THE LANCET. — " Dr. Hawkins has done a really valuable piece of work and 
no one can read this essay without obtaining a clear idea of our present 
knowledge of this important subject." 



HYGIENE. 

Pott 8V0. 15. 

First Lessons on Health. By J. Berners. Second 
Edition. 

THE SCHOOLMASTER.—*' A very interesting, wise and useful little manual. 
There is not a teacher in the land who would not do good service to his kind by 

introducing this little manual to his young pupils It should be used as a 

class-book in every schoolroom, or at least have a place in the school library." 



. Manual of Public Health. By A, Wvnter 

M.R.C.S., r..S.A., Fell. Chem, Soc., Fell. Inst. Chem,, 



Barriste 


-at-Law, Medical Offi 


er 


of Health 


and 


Publ 


Analyst 


or St 


Marylebone, etc. 










THE LANCET.— 


d affoids a gixKl bogk o 


cal 


nK with gcnEtal 


rlndipl 






-" Mr. Wyntrr Blvth may 
e has uroduccd, bascil as il is n 

A of all those whose caUing Is 


be 


he practical exji 


the 


TB/ 






8vo. 8jr. 6.;. 


iet 









Lectures on Sanitary Law. By A. Wtntbr Blyth, 
M.R.C.S., L.S.A., Fell. Chem. Soc., Fell. Inst. Chem., 
Barrister -at- Law, Medical Officer of Health and Public 
Analyst for St. Marylcbone, etc. 

IfATUKE.—" Thyi work prestntB a genftal 'iew o( the powers and duties o( 









The Treatment and Utilisation of Sewage. By 
W. H. CoRFiBLD, M.A., M.D. Oxon., Fellow of the Royal 
College of Physicians, London; Professor of Hygiene and 
Public Health at University College, London; Ex-Presldent 
of the Society of Medical Officers of Health. Third Edition, 
revised and enlarged by the Author and Louis C. Pabrks, 
M.D., Cert. Public Health, London. 




Poll 8vo. IS. 
On Preservation of Health in India. By Sir Joseph 

Faxrer, K.C.S.I., M.D., F.R.S., President of the Medical 
Board at the India Office. 
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Crown 8vo. 3s. 6rf. 

The Soilin Relation to Health. ByHENRvA.MjERs, 

F.R.S., Professor of Mineralogy in the University of 
Oxford, and Roger Crosskev, M.A., D.P.H., Fellow of 
the British Institute of Public Health. With Illustrations. 

raEBRI'IlSH MEDICAL yOtfiJf^tj-" A p]faBai|lly writtel;, wtLl-arraTigrf, 



Primer of Hygiene. By Erkest S. Reynolds, M.D. 
I,ond., Member of the Royal College of Physicians of London, 
Senior Physician 10 the Ancoats Hospital, Manchester, Victoria 
University Extension Lecturer on Hygiene, etc., etc. With 
50 Illustrations. 

i yOVKKAL.—" This little wott is rhiefly for Iht iite 
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Globe 3vo. 2J. 6d. 
Hygiene for Beginners. By Ernest S. Reynolds, M.D. 
Lond., Member of the Royal College of Physicians of London, 
Senior Physician to the Ancoats Hospital, Manchester, Victoria 
University Extension I-ecturer on Hygiene, etc., etc. 
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Iitheria : Its Natural History and Prevention. 

Being the Gilroy Lectures delivered before the Royal College 
of Physicians of London, 1891. by R. Thqrne Thorne, M.B. 
Loud., F.R.C.P., F.R.S., Assistant Medical Officer to Her 
Majesty's Local Government Board. 
fBE BRITlsa MEDICAL JOVRyAL.—" Dr. Thome Thome's scholarly style 

ailiantage than tn the «nrlt now before us, , . . E.ery point in connection with 
the ctinlc^ of diphtheric It impartially reviewed, and the concluaionB - . . . 
are placedhefore the reader In the eleareat light of which the preaent ACate of 
onr knowledge permilB. Dr. Thorn* Thome's work will at once tate its place 
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Crown Svo. 6s. net. 

Vaccination : Its Natural History and Pathology. 

Being the Milroy Lei:ture3 for iSgS, delivered before the Royal 
College of Phj'sicians of London, by S. Monckton Core- 
MAN, M.A., M.D. Cantab, M.R.C.P. Lond., Medical 
Inspector to H.M. Local Government Board. With (2 ftill- 
page Pl.^tes. 

Foolscap Svo. 4J, 6d. 
Handbook of Public Health and Demography. 

By Edward F.Willougkby, M.B. Lond., Diploma in State 
Medicine of the London University, ; ' * " ■ ■■ 
Cambridge Universitj', 
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